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CHAPTER 1 
1.0                                        Introduction 
1.1 Single-stranded (ss) DNA protein interactions at the single-molecule 
level 
ssDNA is frequently produced in cells as a short-lived intermediate during 
metabolic processes of DNA such as transcription, replication, recombination, 
DNA damage repair, reverse transcription of retroviruses and retroelements, etc. 
Many proteins such as ssDNA binding proteins (SSB/ Replication Protein A 
(RPA)), APOBEC (Apolipoprotein B mRNA editing enzyme, catalytic 
polypeptide-like) enzymes, recombinases (RecA/Rad51), a large number of 
helicases (XPD, PcrA, DnaB, UvrD, etc.), telomere binding proteins (POT1, 
TPP1), etc. are known to interact specifically with ssDNA intermediates [1-8]. 
Single-molecule techniques, especially single-molecule fluorescence, have 
allowed studying some of these DNA-protein interactions in detail, at the single-
nucleoprotein complex level, without ensemble averaging, and therefore 
achieving unprecedented mechanistic details, otherwise impossible to obtain 
from bulk experiments [1-7, 9]. In addition to visualizing the interaction between 
ssDNA and proteins, single-molecule fluorescence has been successfully used to 
gain insights about the interplay between different protein factors and the motion 
of some of the proteins on ssDNA [1-7, 9].  
However, there has been a lack of single-molecule work showing the 
scanning of an ssDNA substrate by an ssDNA specific enzyme, searching for a 
reaction-site to carryout the catalysis. On the other hand much is known about 
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the scanning mechanisms used by double-stranded DNA (dsDNA) scanning 
enzymes such as DNA glycosylases, other DNA repair enzymes such as MutS, 
transcription factors, etc. to locate specific target sites [10-27]. Therefore, in this 
work, we sought to use single-molecule fluorescence to study ssDNA scanning 
mechanisms used by APOBEC enzymes, a family of cytidine (C) deaminases 
specific for ssDNA and ssRNA substrates. More specifically, we focused on 
looking at the scanning behavior of two of the most characterized enzymes in the 
family; Apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 3G 
(APOBEC3G, Apo3G) and Activation-Induced cytidine Deaminase (AID), using 
single-molecule Förster resonance energy transfer (smFRET) [28, 29].  
1.2 APOBEC Enzymes 
Although spontaneous cytidine (C) to uridine (U) deaminations frequently 
occur in cells, especially on single-stranded DNA (ssDNA) intermediates [30], 
they can be detrimental if they are not properly and efficiently corrected by 
cellular repair pathways [30, 31]. However, cells can deliberately undergo 
enzyme-catalyzed C→U conversions in a carefully controlled manner to 
accomplish crucial biological functions [32, 33]. In humans, the APOBEC enzyme 
family evolved as singe-stranded nucleic acid cytidine deaminases that initiate a 
diverse set of biological processes through the common C→U deamination 
reaction [8, 32, 34]. The eleven members of Apo family: Apo1, Apo2, Apo3A-H, 
AID and Apo4, belong to a much larger super family of cytosine deaminases, all 
of which contain highly conserved, Zn2+-bound, H-X-E-X23−28-P-C-X-C (where X 
denotes any amino acid) catalytic motifs [8, 34, 35]. Apo1, Apo2, Apo3A, Apo3C, 
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Apo3H, AID and Apo4, contain only one cytidine deamination (CD) domain, 
whereas Apo3B, Apo3DE, Apo3F, and Apo3G contain duplicated CDs [35] 
(Figure 1.1).  
 
 
 
Figure 1.1: Members of APOBEC enzyme family. These enzymes contain one or 
two Zn2+ domains with highly conserved deamination motifs. Figure was modified 
from ref.[32]. 
 
 
Although the biological function of Apo2 is not known, the other family 
members are involved in diverse biological processes, ranging from maturation of 
B lymphocyte (AID), attacking viruses and retroviruses (Apo3A, Apo3G, Apo3F), 
to editing of apolipoprotein B mRNA (Apo1) [36]. According to the proposed 
deamination reaction mechanism, a highly conserved catalytic glutamic acid 
residue (E) in the active site activates a Zn2+-coordinated water molecule to 
attack the C4 position of the target cytidine/deoxycytidine, converting it to 
uridine/deoxyuridine after several sequential chemical steps (Figure 1.2) [37]. 
1.2.1 Apo3G 
Apo3G is a ~46 kDa, 384 amino acid enzyme that contains two 
deamination domains, CD1 and CD2 (Figure 1.3a) [38]. This enzyme is mainly 
produced in activated T white blood cells, and acts to restrict replication of viral 
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infectivity factor deficient HIV-1 (∆Vif HIV-1), other retroviruses and retroelements 
[35, 39, 40]. Therefore, Apo3G is an important part of the innate immunity.  
 
 
 
Figure 1.2: Proposed deamination mechanism for human cytidine deaminase. 
Similar mechanisms have been proposed for other cytosine deaminase family 
members including APOBECs. Reproduced from ref.[37]. 
 
 CD1 is catalytically inactive, but has several important roles, most notably 
binding to viral RNA, viral copy DNA (cDNA), and the viral infectivity factor (Vif) in 
HIV-1 [35, 41, 42]. Some studies suggest that CD1 contributes to processivity of 
deaminating multiple target motifs by increasing the affinity of the protein for 
ssDNA, since it posses large number (+11) of positive charges. Because of the 
asymmetry introduced to the full-length protein by CD1, Apo3G exhibit a 
pronounced 3'→5' deamination polarity in vitro on linear ssDNA, which is also 
proposed as the origin of local mutational gradients observed in viral genomes in 
vivo [43-45]. The presence of processive, polar deamination profiles and a ~33 nt 
deamination ‘dead zone’ (from 3' end of ssDNA) for the full length protein, but not 
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for the catalytically active truncated CD2 demonstrate that, although CD1 is 
catalytically inactive, it is the major determining factor of the processivity and the 
polarity of Apo3G [42]. Structural studies have shown that CD2 contains a α-β-α 
catalytic core typical of cytosine deaminases (Figure 1.3b) [46-48]. CD2 is 
responsible for the identification and discrimination between different target sites 
and the catalysis [42]. The consensus sequence for catalysis is 5'-YCC-3' 
(Y=C/T) [41, 42, 46, 49] and deamination efficiency can be influenced by the 
three nucleotides before the deamination target and one nucleotide after it [50]. 
 
 
 
Figure 1.3: Structure of Apo3G. (a) A cartoon showing the duplicated domains of 
Apo3G, modified from ref.[38] using CorelDRAW. (b) Crystal structure of the 
Apo3G-CD2 (PDB-3IQS), adapted from ref.[46], Zn2+ metal ion in the active site 
is shown as a red sphere.  
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1.2.2 Apo3G restricts the replication of the ∆Vif HIV-1  
 In cells producing Apo3G, “non-permissive” cells, Apo3G is incorporated 
into virions during viral encapsidation and budding, leading to the deactivation of 
the viral genome through deamination dependant and independent mechanisms 
upon release to the next target cell (Figure 1.4). Once the reverse transcription 
starts in the cytoplasm of the next infected cell, degradation of viral RNA by the 
RNase H activity of the reverse transcriptase leads to the release of Apo3G from 
inhibitory viral RNA and exposes it to newly synthesized, single-stranded (ss), 
minus (-), copy DNA (cDNA) [35]. This short time window gives an excellent 
chance for Apo3G to deaminate many cytidines in ss cDNA to uridines [40, 45]. 
Then the endogenous enzyme uracil DNA glycosylase removes the uracils from 
(-) cDNA and creates abasic sites which will be further processed by the enzyme 
apurinic apyrimidinic endonuclease that will break the DNA at the abasic sites 
[35]. Mutated (-) cDNA that is not degraded will be used as a template for (+) 
cDNA synthesis, but the G→A mutations introduce nonsense and missense 
mutations.  These mutations in the viral genome often result in non-infectious 
HIV-1 virions. Other than the deamination dependant mechanism, Apo3G can 
physically impede the access of viral RNA by reverse transcriptase, the initiation 
of the reverse transcription by tRNALys3 primer and the cleavage of the tRNALys3 
during the plus strand transfer process of HIV-1 replication. All of these 
mechanisms are only applicable to ∆Vif HIV-1, because wild type strains of HIV-1 
that have Vif efficiently target Apo3G for poly-ubiquitination followed by 
proteosomal degradation, thereby rendering Apo3G ineffective [34, 35]. 
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Figure 1.4: Mechanisms by which Apo3G can restrict the replication of HIV-1. 
Figure adapted from ref.[35]. Apo3G that transfers to a new T cell during an HIV-
1 infection is released during the reverse transcription and can carry out (1) 
deamination independent blocking of reverse transcription (2) excessive 
deaminations on viral cDNA, which leads to degradation or inactivation of the 
viral particles (3) formation of aberrant end of the proviral DNA, which leads to 
integration defects. 
 
1.2.3 AID 
AID is the most notable member of the APOBEC enzyme family and is a 
~24 kDa, 198 amino acid protein. This enzyme is mainly produced in B-
lymphocytes, and contains a single deamination domain [51]. Although a high-
resolution structure is still not available, a folded structure similar to Apo2 and 
Apo3G-CD2 is proposed for AID based on the large sequence homology 
between AID, Apo2 and Apo3G-CD2 [52]. AID is essential for antibody 
diversification during the affinity maturation of B cells [53] and therefore, is an 
indispensible part of the adaptive immune system. AID does not show a 
deamination polarity or 3' deamination ‘dead zone’ on linear ssDNA substrates 
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[54], but similar to Apo3G a processive deamination mechanism is proposed [55, 
56]. AID predominantly deaminates WRC motifs (W=A/T, R=A/G, deamination 
hot motifs) and poorly deaminates SYC motifs (S=G/C, Y=T/C, deamination cold 
motifs).  
1.2.4 AID is essential for antibody diversification 
Individual B cells initially start making a particular set of antibodies through 
a combinatorial process called V(D)J recombination. This process involves 
joining of three types of gene segments called variable (V), diversity (D), and 
junction (J) of immunoglobulin (Ig) genes (Figure 1.5a) [57]. V(D)J recombination 
in a given B cell gives rise to a set of low-affinity antibodies (IgM) with a unique 
variable region (part of an antibody that binds to an antigen, Figure 1.5b). 
However, to make high affinity antibodies, during the affinity maturation of 
activated B cells, AID targets the variable (V(D)J) regions and switch (S) regions, 
(Figure 1.5a, bottom panel) of Ig genes for cytidine deamination [32, 33, 57-59]. 
Therefore, active transcription of Ig genes is essential for AID activity since it 
cannot bind and deaminate dsDNA [55, 56, 58].  
Multiple deaminations in the V(D)J regions leads to a downstream process 
called somatic hypermutation (SHM, Figure 1.5c), which results in a mutation 
rate a million fold higher  than the spontaneous mutation rate. SHM facilitates the 
formation of diverse set of high-affinity antibodies for efficient clearance of 
different types of antigens [32, 58]. Deaminations in switch regions lead to a 
downstream process known as class switch recombination (CSR, Figure 1.5d), 
which allows antibodies to swap the constant (C) regions (Figure 1.5b). CSR 
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facilitates the formation of different isotypes (IgG, IgE, IgA) of an antibody, where 
those different isotypes can be partitioned to different compartments of the 
immune system [58]. Both the SHM and CSR are essential processes for 
antibody and B cell maturation. 
 
 
 
Figure 1.5: Mechanisms of antibody diversification. (a) A typical Ig gene consists 
of several constant (C) regions, switch (S) regions and several of upstream V,D,J 
segments. V(D)J recombination involves different combinations of V, D and J 
segments put together through multiple steps. (b) Ig proteins typically consist of 
four polypeptide chains held together by disulphide bonds. Two of the 
polypeptides are called light chains (shorter chains located at the outside) and 
the other two are called heavy chains (longer chains located at the inside). Part 
of the antibody that binds to antigens is called variable region and consists of N-
terminal parts of both light and heavy chains. Constant region on the other hand 
consists of C-terminal parts of light and heavy chains, and responsible for the 
partitioning of antibodies to different parts of the immune system. (c) AID can 
introduce large number of cytidine deaminations in the V(D)J regions to create 
mutational diversity (shown as white strips) in variable regions through SHM (d) 
Mutations in switch regions allow the antibodies to swap between different 
constant (C) regions to make different isotypes through CSR, and the intervening 
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DNA is removed as a circular structure. Figure was generated based on the 
information presented in ref. [32, 57, 58]. 
 
1.2.5 AID and transcription of Ig genes  
Transcription of target Ig genes is essential for AID-mediated deamination 
in vivo, and AID deaminates only on ssDNA substrates in vitro [56]. Based on 
these observations it is proposed that AID catalyzes deaminations in transcription 
bubbles [55]. Several models have been proposed to explain the activity of AID in 
Ig genes [57], although the exact mechanism and all the other protein factors that 
are needed to recruit AID into the transcription bubbles  remain largely unknown. 
However, several experimental findings indicate that AID could be associated 
with factors involved in transcription and transcription stalling such as the ssDNA 
binding protein in eukaryotes RPA, transcription elongation factor Spt5 and RNA 
polymerase-associated factor 1 (PAF1) [60-62]. 
1.3 Proposed ssDNA scanning mechanisms for APOBEC (Apo3G and AID) 
enzymes  
Several mechanisms have been proposed to explain the scanning of 
ssDNA by APOBECs (Figure 1.6) [49, 56, 63]. These putative mechanisms are 
largely based on ensemble experiments and models proposed for dsDNA 
scanning enzymes. According to these models, the enzyme   (blue oval, Figure 
1.6) initially binds on the ssDNA (black solid line, Figure 1.6) randomly and non-
specifically [49, 54, 56]. In the case of Apo3G this ssDNA would be a viral cDNA 
and in the case of AID it would be a transcription bubble. In the first proposed 
mechanism, the enzyme can diffuse on ssDNA one-dimensionally (1D diffusion), 
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while it is bound. This mechanism is called sliding, and it is highly probable that 
the enzyme encounter targets (C) and carryout the deaminations (to U) during 
sliding, since the enzyme maintain a closed contact with the substrate. Sliding 
can also consist of microscopic dissociations and rebinding to an adjacent site on 
the DNA, and this process is called hopping (not shown in the figure). In the 
extreme cases of hopping, the enzyme can completely dissociate from the DNA, 
and then rebind to a separate, distant, position after diffusing through the bulk 
solution three-dimensionally (3D diffusion). This mechanism is called jumping, 
and helps the enzyme to take larger steps to bypass obstacles such as other 
macromolecules bound to the DNA, duplex regions, and secondary structures. In 
the last mechanism, the enzyme can move from one place to a distant location 
through an intermediate state, in which the enzyme is bound to both positions at 
the same time. This process is called intersegmental transfer, which may be 
facilitated by the extreme flexibility of ssDNA (persistent length ~1-3 nm 
compared to ~50 nm of dsDNA [1]), the double domain structure of some of the 
APOBEC enzymes as well as by possible enzyme-induced conformational 
dynamics such as ssDNA wrapping or creasing [41].  
In all of the above mechanisms the enzyme uses its substrate as a ‘guide’ 
to locate the target site as oppose to finding the target by pure random collations 
as three-dimensionally diffusing in the bulk solution. It is shown theoretically as 
well as experimentally for dsDNA scanning, that reducing the dimensionality of 
the searching process from 3D to 1D by using the substrate as a ‘guide’ can 
largely facilitate the target search and reduce the search time by several orders 
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of magnitude. Therefore these mechanisms are collectively called facilitated 
diffusion of a protein on a DNA substrate [10, 11, 20]. 
 
 
Figure 1.6: Possible ssDNA scanning mechanisms used by APOBEC enzymes 
to locate deamination motifs.  
 
1.4 Stochastic deaminations by APOBEC (Apo3G and AID) enzymes  
While the APOBEC enzymes might use facilitated diffusion to locate the 
target sites, it is shown that the actual deamination step occurs stochastically or 
haphazardly [54, 56, 59]. The stochastic deamination behavior is biologically very 
important to ensure the mutational diversity, which is required to alter the HIV-1 
genome without making a set of mutations advantageous to the virus in the case 
Apo3G and to make diverse set of antibodies in the case of AID. Therefore, it is 
essential to understand the molecular level detail required for the initiation of 
mutational diversity in addition to understanding general mechanism used by 
ssDNA scanning enzymes. 
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1.5 Study of ssDNA scanning and deamination mechanisms of APOBEC 
(Apo3G and AID) enzymes with single-molecule resolution 
As a starting point of understanding the ssDNA scanning and 
deamination, in this work we developed single-molecule fluorescence assays to 
visualize and characterize the dynamics of motif targeting by APOBEC 
deaminases on ssDNA substrates. Innovative and novel assays were also 
developed to monitor individual enzyme-catalyzed deamination events at the 
single-molecule level and to observe co-transcriptional ssDNA scanning by AID. 
From these experiments we deduce important new information such as scanning 
lengths, scanning speeds, localization of scanning and how scanning is affected 
by different intrinsic (e.g. Apo3G vs. AID), and extrinsic (e.g. type of deamination 
motif, ionic strength) properties, to understand the general mechanisms of 
ssDNA scanning enzymes and specific mechanisms responsible for initiating 
mutational diversity. 
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CHAPTER 2 
2.0                               Materials and Methods  
Some parts of this chapter were adapted from: Senavirathne, G., Jaszczur, M., 
Auerbach, P.A., Upton, T.G., Chelico, L., Goodman, M.F., and Rueda, D. Single-
stranded DNA scanning and deamination by APOBEC3G at single molecule 
resolution. J. Biol. Chem. 2012, 287(19), 15826-35. 
 
and 
 
Senavirathne, G., Bertram, J., Jaszczur, M., Pham P., Mac, C., Goodman, M.F., 
and Rueda, D. “Watching AID scan single-stranded and transcribed double-
stranded DNA at single-molecule resolution” (Manuscript in preparation). 
 
2.1 smFRET can be used to study biomolecular interactions in real time.  
Single-molecule techniques allow the study of biological processes one 
molecule at a time and look at structural dynamics of biomolecules in real time. 
Individual trajectories obtained from these experiments reveal population 
heterogeneities and rare reaction intermediates that are not possible to visualize 
in bulk measurements as they are hidden due to ensemble averaging [64]. 
Kinetic and thermodynamic parameters such as rate constants, equilibrium 
constants can be calculated by statistical analysis upon combining data from 
individual molecules. For all these reasons, single-molecule techniques can be 
very powerful tools in the study of DNA scanning by proteins [20, 26]. 
To study the ssDNA scanning by APOBEC enzymes we employ a single-
molecule fluorescence technique called single-molecule Förster resonance 
energy transfer (smFRET), which basically utilizes the energy transfer between 
two fluorescence dyes. Therefore, in order to perform FRET we modify the 
biomolecules of interest by conjugating small organic fluorophores.  In this study 
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we used Cy3 as the donor fluorophore along with Cy5 as the acceptor 
fluorophore (Figure 2.1) [28, 29]. SmFRET has been widely used to study similar 
processes [1, 29].  
 
 
Figure 2.1: Chemical structures of Cy3 and Cy5. 
 
2.2 Principles of FRET 
The basic principle of FRET can be illustrated by using a Jablonski 
diagram as shown in Figure 2.2a [65]. Excitation of the Cy3 donor fluorophore 
using radiation of a proper wavelength (λEX,D), causing the electrons in the 
ground state (S0) to transition to higher excited states (S1, S2….Sn). However, 
these electrons jump back to the ground state efficiently (typically with a rate of 
~109 s-1) by releasing energy radiatively as fluorescence (λEM,D) or by other 
processes such as internal conversion or intersystem crossing followed by 
phosphorescence (not shown) [65]. If there is an acceptor Cy5 fluorophore 
nearby, the energy of the excited donor can be transferred non-radiatively to the 
acceptor, causing the acceptor to undergo excitation (acquiring energy 
equivalent to wavelength λEX,A) and then fluorescence (λEM,A). This non-radiative 
energy transfer is called Förster resonance energy transfer, following the name 
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of Theodor Förster (1910-1974), who has first theorized that the efficiency of 
FRET depends on the inter-dye distance (R) as given by the equation 2.1 [66]. 
                                  
€ 
EFRET =
R06
R06 + R6
,                                                   (2.1) 
In the above equation, R0 is called the Förster radius, and for Cy3, Cy5 
FRET pair it is experimentally estimated as ~55 Å [28]. Equation 2.1 predicts 
that, when R equals R0, the energy transfer efficiency should be 50%. The value 
of R0 depends on several factors as shown by the equation 2.2.  
€ 
R06 = 8.78 ×10−5
κ 2φDJ
n4  
Å6,                                       (2.2) 
 In the equation 2.2, κ2 is called the orientation factor, which can have 
values from 0 to 4 depending on the orientation between the two dipoles of the 
donor and the acceptor. However, random distribution of the two dipoles over all 
the possible orientations yields 2/3 for κ2. Therefore, in FRET experiments 
fluorophores are attached to biomolecules through long linkers to ensure a 
random orientation of fluorophores by fast tumbling, so that the value of κ2 can 
be assumed as 2/3 [28, 29]. φD in the equation stands for the quantum yield of 
the donor ~0.28 for Cy3. n is the refractive index of the medium, and has values 
around ~1.3 for aqueous media. J is called the overlapping integral, and it 
represents the overlapping between the emission spectrum of the donor and the 
excitation spectrum of the acceptor (green shaded area in Figure 2.2b), and 
defined as in the equation 2.3,  
€ 
J = FD (λ)εA∫ (λ)λ4dλ ,                                             (2.3) 
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In the equation 2.3, FD(λ) and εA(λ) represent the normalized emission 
spectrum of the donor, and normalized excitation spectrum of the acceptor 
respectively. 
 
 
Figure 2.2: Principles of FRET. (a) Jablonski diagram showing the photophysical 
processes that occur during FRET. Horizontal thick lines in the diagram 
represent electronic states (S0, S1) of the donor and the acceptor, and horizontal 
thin lines represent the vibrational states accompanied with each electronic state. 
Vertical arrows represent the electronic transitions. (b) Normalized excitation 
spectra (blue) and emission spectra (red) of Cy3 and Cy5. The spectral overlap 
between Cy3 emission and Cy5 excitation is shown as a green shaded area. (c) 
Distance dependence of FRET efficiency. At R0 the energy transfer efficiency is 
equal 50%, and from ~25-100 Å (pink shaded area) the efficiency is highly 
sensitive to the inter-dye distance (R).  
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Plotting the FRET efficiency for Cy3-Cy5 pair as a function of inter-dye 
distance (R) yields the distribution shown in Figure 2.3c. In this distribution the 
FRET efficiency is highly sensitive to R within ~25-100 Å distance range (pink 
shaded area). Since this distance range is compatible with dimensions of 
biomolecules, FRET can be used as a molecular ruler to look at angstrom scale 
conformational dynamics and relative motion between biomolecules. 
Calculating accurate FRET efficiencies can be challenging. Therefore, in 
this work we report apparent FRET efficiencies as given by the equation 2.4 
€ 
FRET = IAID + IA ,                                              (2.4) 
where ID is the fluorescence intensity of the donor and IA the fluorescence 
intensity of the acceptor. 
2.3 Total Internal Reflection Fluorescence Microscopy (TIRFM) in smFRET 
experiments 
TIRFM is used as a versatile technique to achieve the single-molecule 
sensitivity in fluorescence required for smFRET experiments [67-69]. There are 
two types of TIRFM techniques, which are widely used in smFRET experiments, 
namely; prism-based TIRF and objective TIRF [69]. In this work we use a prism-
based TIRF setup on an inverted fluorescence microscope (IX-71, Olympus, 
Center Valley, PA) to perform smFRET experiments. Briefly, Cy3 labeled ssDNA 
is tethered to a quartz slide surface (Finkenbeiner, Waltham, MA) trough a 
streptavidin-biotin linkage. Cy3 is exited by an evanescent wave created by the 
total internal reflection of a 532 nm laser (3 mW, CrystalLaser GCL-532-L, Reno, 
NV) (Figure 2.3). The total internal reflection of the laser is achieved by using a 
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quartz prism (CVI Melles-Griot, Albuquerque, NM), and by setting the incident 
angle (θ) of the beam larger than the critical angle (θC) for the quartz-water 
interface. The resulting evanescent wave penetrates only to a shallow region 
(~100-200 nm) from the interface into the bulk solution of the reaction chamber, 
and therefore excites Cy3 molecules that are located near the surface without 
exciting molecules in the bulk solution. We use Cy5 labeled APOBEC enzymes 
to bind and scan on ssDNA, so that we are able to visualize interactions as FRET 
between Cy3 and Cy5 takes place. Fluorescence from individual Cy3 and Cy5 
molecules is collected through the objective of the microscope (60X!, water 
immersion, Numerical Aperture = 1.2, Olympus, Center Valley, PA), then 
separated in to two channels by using a set of optics and finally record on a CCD 
(Charge-Coupled Device, (Ixon+, DV-897E, Andor, South Windsor, CT) camera 
side by side (Figure 2.3). Single-molecule movies are usually recorded by using 
a custom-written program in Labview 7 (National Instruments Corporate 
Headquarters Austin, TX) and then analyzed by a spot identification algorithm 
written in IDL software. Finally, a custom-written MatLab (Mathworks 8, Natick, 
MA) script is used to extract intensity trajectories of individual molecules and to 
build the corresponding FRET trajectories [69].  
In smFRET experiments, surface immobilization of molecules allows their 
observation for an extended period of time that could only be limited by the 
lifetime of fluorophores. Therefore, to increase the lifetime and photostablity of 
Cy dyes several additives are mixed with the imaging buffers (Sections 2.9, 
2.10). To minimize any non-specific interaction between biomolecules (especially 
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proteins) and the quartz surface, the surface is usually passivated with a poly 
ethylene glycol (PEG) brush and further treated with bovine serum albumin 
(BSA) (Figure 2.3, Sections 2.9, 2.10) [28, 29].  
 
 
 
Figure 2.3: TIRFM setup used for the single-molecule experiments. An 
evanescent field created by the TIR of a 532 nm laser directly excites Cy3 dyes 
attached to the ssDNA. Interaction of enzymes with ssDNA is visualized by the 
FRET between Cy3 on DNA and Cy5 on proteins. Resulting Cy3 and Cy5 
emissions are collated through the objective and recorded on a CCD camera 
side by side after separating them with an array of optics in a light-sealed box 
(DM=dichroic mirrors, M=mirrors, L=concave lenses). Each spot in each channel 
corresponding to emission from Cy3/Cy5 single molecules, and we monitor the 
intensities of individual molecules as a function of time to build single-molecule 
intensity trajectories, from which FRET trajectories are calculated.  
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2.4 DNA oligonucleotide substrates 
  All the DNA oligonucleotides used for this study (Table 2.1 (Apo3G 
substrates), (Table 2.2 (AID substrates)) were obtained from Dr. Myron F. 
Goodman's laboratory at University of Southern California. Biotin modifications 
and some of the Cy dye modifications were inserted to the DNA oligonucleotides 
whenever needed as phosphoramidites. For other instances Cy3 or Cy5 was 
incorporated to the DNA by reacting the NSH-ester form of the dye (GE 
Healthcare) with amino modified C6-dT. For the C6-dT labeling, ~1 nmol of 
desalted DNA was dissolved in 44 µL of 100 mM sodium tetraborate buffer, pH 
8.5, and mixed with ~10 nmol of Cy dye previously dissolved in 7 µL of dimethyl 
sulfoxide (DMSO). After thorough mixing, reaction was incubated at the room 
temperature overnight to obtain ≥50% labeled DNA. Finally the labeled DNA was 
separated from unlabeled DNA by reverse phase HPLC chromatography on an 
analytical C18 column. Purified oligonucleotides were stored at −80°C in 10 mM 
Tris-HCl, pH 8.0 buffer as small aliquots until further use. 
2.5 APOBEC and other enzymes 
All the APOBEC enzymes and other enzymes (Pfu polymerase, T7 RNA 
polymerase) used in this study were expressed, purified, labeled with Cy dyes 
and biochemically characterized in Dr. Myron F. Goodman's laboratory at 
University of Southern California. 
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Table 2.1: DNA sequences used in the Apo3G study. Apo3G targets are 
highlighted in bold.  
Name Sequence (5′→3′) 
Anchor Cy3-CGC GAG GAA TGG ATG TAG GG-biotin 
pdT 5' hot 
CCC TAC ATC CAT TCC TCG CGT TTT TTT TTT TT ATA CCC 
AAA TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT 
TTT TTT TTT TTT TTT 
pdT 3' hot 
CCC TAC ATC CAT TCC TCG CGT TTT TTT TTT TTT TTT TTT 
TTT TTT TTT TTT TTT T ATA CCC AAA TTT TTT TTT TTT TTT 
TTT TTT TTT TTT T 
pdT 5' cold 
CCC TAC ATC CAT TCC TCG CGT TTT TTT TTT TT TTT CCC 
TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT 
TTT TTT TTT TTT 
pdT 5' 
CCU 
CCC TAC ATC CAT TCC TCG CGT TTT TTT TTT TT ATA CCU 
AAA TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT 
TTT TTT TTT TTT TTT 
pdT 
CCC TAC ATC CAT TCC TCG CGT TTT TTT TTT TTT TTT TTT 
TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT 
TTT TTT TTT TT 
pdT 5' TTT 
CCC TAC ATC CAT TCC TCG CGT TTT TTT TTT TT ATA TTT 
AAA TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT 
TTT TTT TTT TTT TTT 
pdT 'dead 
zone' 
CCC TAC ATC CAT TCC TCG CGT TTT TTT TTT TTT TTT TTT 
TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT T ATA  CCC AAA 
TTT TTT TTT TT 
pdA 5' hot 
CCC TAC ATC CAT TCC TCG CGA AAA AAA AAA AA ATA CCC 
AAA AAA AAA AAA AAA AAA AAA AAA AAA AAA AAA AAA AAA 
AAA AAA AAA AAA AAA 
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Table 2.2: DNA sequences used in the AID study. AID targets are highlighted in 
bold. In the DNA sequences used for the transcription experiments, T7 promoter 
region is highlighted in red color, 6 mismatch dAs are highlighted in blue color. 
Name Sequence (5′→3′) 
Anchor DNA Cy3-CGC GAG GAA TGG ATG TAG GG-biotin 
pdT 5' hot 
CCC TAC ATC CAT TCC TCG CGT TTT TTT TTT TT TTT 
AAC TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT 
TTT TTT TTT TTT TTT TTT TTT 
pdT 5' AAU 
CCC TAC ATC CAT TCC TCG CGT TTT TTT TTT TT TTT 
AAU TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT 
TTT TTT TTT TTT TTT TTT TTT 
pdT 5' neutral 
CCC TAC ATC CAT TCC TCG CGT TTT TTT TTT TT TTT 
GAC TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT 
TTT TTT TTT TTT TTT TTT TTT 
pdT 
CCC TAC ATC CAT TCC TCG CGT TTT TTT TTT TTT TTT 
TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT 
TTT TTT TTT TTT TTT TTT TT 
pdT 5' (hot)3 3' 
(neutral)3 
CCC TAC ATC CAT TCC TCG CGT TTT TTT TTT TT TTT 
AAC AGC AAC TTT TTT TTT TTT TTT TTT TTT TTT TTTT 
GAC GAC GAC TTT TTT TTT TT 
pdT 5' (neutral)3 3' 
(hot)3 
CCC TAC ATC CAT TCC TCG CGT TTT TTT TTT TT TTT 
GAC GAC GAC TTT TTT TTT TTT TTT TTT TTT TTT TTTT 
AAC AGC AAC TTT TTT TTT TT 
pdT 5' (hot-U)3 3' 
(neutral-U)3 
CCC TAC ATC CAT TCC TCG CGT TTT TTT TTT TT TTT 
AAU AGU AAU TTT TTT TTT TTT TTT TTT TTT TTT TTTT 
GAU GAU GAU TTT TTT TTT TT 
5'-biotin 70mer 
DNA 
biotin-TTT CAG AGA TGC ATA ATA CGA CTC ACT ATA 
GGG AG AAAA GGG GAA AGC AAA GAG GAA AGG TGA 
GGA GGT 
5'-Cy3 66mer 
DNA 
Cy3-ACC TCC TCA CCT TTC CTC TTT GCT TTC CCC 
TTT TCT CCC TAT AGT GAG TCG TAT TAT GCA TCT 
CTG 
5'-Cy3 8 nt 
mismatch 66mer 
DNA 
Cy3-ACC TCC TCA CCT TTC CTC AAA AAA AAC CCC 
TTT TCT CCC TAT AGT GAG TCG TAT TAT GCA TCT 
CTG 
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2.6 Preparation of Cy5 labeled Apo3G for smFRET experiments 
  To remove surface-exposed cysteine residues (modeling of Apo3G), we 
used a QuickChange Site-Directed Mutagenesis protocol to mutate cysteine 139, 
243, and 308 to leucine, alanine, and leucine, respectively. Only one surface 
exposed cysteine (Cys356) is available for labeling with Cy5-maleimide. A 
baculovirus-expressed mutated GST-Apo3G protein variant was prepared as 
described previously [44, 70]. Cy5 Maleimide Mono-Reactive Dye kit (GE 
Healthcare) protocol was used to achieve 10-20% labeling efficiency, to prevent 
non-specific labeling of protein side-chains. Free label was removed by gel 
filtration on Bio-gel P-6 (BioRad). Protein concentration was determined by 
Bradford Assay and BSA protein standardization. Labeling efficiency was 
determined by UV/Vis absorbance (280 nm and 552 nm). Mass spectrometry 
analysis of Cy5-Apo3G confirmed that the predicted surface-exposed Cys356 
was labeled (Harvard University Mass Spectrometry & Proteomics). We have 
further verified by photobleaching that Apo3G has a single Fl-label. Cy5-Apo3G 
retained activity and deamination properties of native Apo3G. We have also 
verified, based on previous AFM data [41, 42], that	   Apo3G is predominantly 
monomer under smFRET conditions.  
2.7 Pfu expression, purification and labeling 
 Two rounds of site-directed mutagenesis (Quick Change Site Directed 
Mutagenesis Kit, Stratagene) of Pfu expression vector pET-30a-PFU (Dr. 
Stephen Bell, Cambridge, UK) were performed (D125A, I48C), to make an exo- 
Pfu suitable for labeling. The resulting vector (pPFUe-I48C) was transformed into 
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BL21 Rosetta (DE3) pLysS (Novagen). Cells were grown at 37°C until an OD500 
of ~0.5 was reached. IPTG was added (1 mM final concentration) and cells were 
grown at room temperature (~25°C) overnight, then centrifuged at 4°C (4000 
r.p.m. for 15 minutes) and resuspended in 25 mM HEPES pH 7.8, 500 mM NaCl, 
5 mM imidazole, 1 mM phenylmethanesulphonyl-fluoride, protease inhibitor 
cocktail, 50 mg/ml lysozyme. After sonication on ice (10 x 15s pulses), 20U 
DNase I and 10 µg/ml RNase A were added, and cells were incubated at 37°C 
for 30 minutes and then boiled for 15 minutes. Samples were centrifuged twice 
(17,000 g for 15 minutes, 4°C), the supernatant loaded onto a 5 ml nickel column 
(Ni-NTA His-Bind resin, Novagen) and washed four times with 25 mM HEPES pH 
7.8, 500 mM NaCl, 5 mM imidazole. Protein was eluted with 25 mM HEPES pH 
7.8, 500 mM NaCl, 200 mM imidazole, and fractions were analyzed by SDS-
PAGE and Coomassie blue staining. Protein concentration of fractions (~90 kDa) 
was determined by near-UV absorbance (A280). Pfu D125A/I48C was labeled 
using the Cy5 Maleimide Mono-Reactive Dye kit (GE) according to provided 
protocols. 
2.8 Preparation of Cy5 labeled AID for smFRET experiments 
A C-terminal hexa-His-tagged GST-AID variant was expressed and 
purified as described previously [55, 71]. Since this protein construct contains 
multiple surface exposed cysteines, to obtain singly labeled monomers an 
alternative method using Cy5-OEG-trisNTA conjugate was used for the labeling 
of C-terminal hexa-His-tag. Cy5-OEG-trisNTA was synthesized according to 
Piehler et al. [72] (measured mass (m/z) = 2060.8477, calculated 
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C91H135N11O37S2Na+ = 2060.8354; UCR Mass Spectrometry Facility) and loaded 
with nickel following the reported protocol. Cy5-OEG-trisNTA labeling was carried 
out at room temperature in 50 mM HEPES (pH 7.5, 1 M NaCl) for 45 min and 
excess label was removed by gel filtration on Bio-gel P-6 (BioRad) using 50 mM 
HEPES (pH 7.5, 250 mM NaCl). After collection of labeled protein fractions, 
glycerol was added to a final concentration of 10% and Cy5-GST-AID was stored 
at -80 oC. Protein concentration was determined by Bradford Assay and BSA 
protein standardization. Labeling efficiency was determined by the absorption at 
280 nm and 552 nm. Cy5 labeled GST-AID retained the activity and deamination 
properties of unlabeled GST-AID. 
2.9 Single-molecule FRET (smFRET) for ssDNA scanning by Cy5 labeled 
Apo3G.  
Quartz microscope slides were passivated with methoxy-PEG (Mr = 5,000; 
Laysan Bio Inc.) and 1% biotin-PEG (Mr = 3,400; Laysan Bio Inc.) to minimize 
non-specific binding [29, 73], and ssDNAs were surface immobilized by using a 
common anchor DNA (Table 2.1) with 5'-Cy3 and 3'-biotin (Figure 3.2b). ssDNAs 
(2 µM) were annealed to the anchor DNA (1 µM) in standard buffer (10 µL, 50 
mM MOPS, pH 7.4, 5 mM Mg2+, 60 mM Na+, 2% (v/v) 2-mercapto ethanol and 2 
mM Trolox) by heating to 90˚C for 45 s and cooled to room temperature over 15 
min. Solution was serially diluted for surface immobilization (25-50 pM) of partial 
double stranded DNA in standard buffer. Excess DNA was washed out, Cy5-
labeled Apo3G (1 nM) in the imaging buffer (50 mM MOPS, pH 7.4, 5 mM Mg2+, 
60 mM Na+, 2 mM Trolox to prevent the photo blinking of the dyes and oxygen 
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scavenger system consisting 2.5 mM 3,4-dihydroxybenzoic acid (PCA-SIGMA), 
and 250 nM protocatechuate dioxygenase (PCD-SIGMA) to minimize the 
photobleaching of the dyes) was introduced, immediately followed by data 
acquisition on a home built prism-based total internal reflection single-molecule 
fluorescence microscope at 1s or 30 ms time resolution [69]. Movies were 
recorded from ~6 different areas for ~10 min each for 1 s resolution experiments 
and from ~10 different areas for ~5 min each for 30 ms experiments. Low ionic 
strength experiments were carried out in the same way except no Mg2+ was 
present and concentration of Na+ was only 30 mM. For all the smFRET 
experiments apparent FRET values were obtained by dividing the acceptor 
intensity (Icy5) by the sum of donor and acceptor intensities (Icy5 + Icy3). 
2.10 Single-molecule FRET (smFRET) for ssDNA scanning by Cy5 labeled 
AID. 
To minimize non-specific binding of molecules, Quartz microscope slides 
were passivated with methoxy-PEG-SVA (Mr = 5,000; Laysan Bio Inc.) and 8% 
biotin-PEG-SVA (Mr = 5,000; Laysan Bio Inc.), and further treated with BSA [29, 
73] by incubating the reaction chamber with 0.2 mg/mL BSA (SIGMA) in T50 
buffer (50 mM Tris-HCl, pH 7.0, 50 mM NaCl) for ~10 min. After washing excess 
BSA with T50 buffer, Streptavidin (1 mg/mL in T50 buffer) was incubated for 
another 10 min, unbound Streptavidin washed out, and then the ssDNAs were 
surface immobilized by using a common anchor DNA. After washing the excess 
BSA with T50 buffer, ssDNAs were surface immobilized by using a common 
anchor DNA (Table 2.2) with 5'-Cy3 and 3'-biotin (Figure 4.1a). For that, ssDNAs 
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(2 µM) were annealed to the anchor DNA (1 µM) in annealing buffer (10 µL, 50 
mM MOPS, pH 7.4, 5 mM Mg2+, 60 mM Na+ and 2 mM Trolox) by heating to 90˚C 
for 45 s and cooled to room temperature over 15 min. Solution was serially 
diluted for surface immobilization (25-50 pM) of partial double stranded DNA 
through biotin-neutravidin-biotin linkage. Excess DNA was washed out, and Cy5-
labeled AID (20 nM) in the imaging buffer (50 mM MOPS, pH 7.4, 5 mM Mg2+, 60 
mM Na+, 0.2 mg/mL BSA, 2 mM Trolox to prevent the photo blinking of the dyes 
and oxygen scavenger system consisting 2.5 mM 3,4-dihydroxybenzoic acid 
(PCA-SIGMA), and 250 nM protocatechuate dioxygenase (PCD-SIGMA) to 
minimize the photobleaching of the dyes) was introduced, immediately followed 
by data acquisition on a home built prism-based total internal reflection single-
molecule fluorescence microscope at 1 s or 30 ms time resolution [69]. Movies 
were recorded from ~6 different areas for ~10 min each for 1 s resolution 
experiments and from ~10 different areas for ~5 min each for 30 ms experiments. 
Low ionic strength experiments were carried out in the same way except no Mg2+ 
was present and concentration of Na+ was only 30 mM.  
2.11 Hidden Markov Model and TDP analysis 
Long binding (25 s -10 min), single-molecule FRET time trajectories were 
analyzed using a Hidden Markov Model, as described [74]. Transitions were 
divided into ten virtual macro-canonical states separated by 0.1 FRET units, 
which do not correspond to specific conformational states, but rather to an 
ensemble of states with the protein located at a certain distance from the 5' end. 
Then resulting FRET trajectories were compiled in to Transition Density Plot 
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analysis, which (TDPs) show the number of transitions observed between a 
given initial and a final FRET value. All initial binding events stem from zero 
FRET, and are thus located on the y-axis. 
2.12 Excursion length analysis  
The excursion distance is calculated using the initial binding FRET value 
(~0.2) and Förster’s equation (equation 2.1), considering R0 = 55 Å for Cy3, Cy5 
FRET pair (assuming k2 = 2/3, because we are calculating differences in 
distances, this approximation only minimally affects our results). Final FRET 
values in the TDP upper diagonal represent the location of the protein after each 
transition, which is converted into a distance using the Förster’s equation, TDP 
provides the fraction of transitions at this distance. The fraction of transitions is 
plotted as a function of the distance to the initial binding site to estimate the 
distance scanned by the protein, which decays exponentially for Apo3G, and 
fitted to a single exponential decay (Equation 2.5) using Igor (Wavemetrics, Lake 
Oswego, OR) to estimate the characteristic step size (lc).  
                                      
€ 
y l( ) = Aexp − l lc( ),                                              2.5 
Whereas for AID an initial rise and an exponential decay was observed for 
the scanning distance distribution, which fitted to a Gamma function [5]	  (Equation 
2.6), using Igor (Wavemetrics, Lake Oswego, OR) to estimate the number of 
hidden steps (N), and the characteristic step size (lc) in each step.  
                                                
€ 
y l( ) = lN −1 exp − l lc( ) ,                                            2.6 
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2.13 Post-synchronization analysis 
 To synchronize the long binding events with respect to their initial 
bindings, we analyze the long binding FRET trajectories from 10 s before the 
initial binding (threshold 0.15 FRET) until 10s after the dissociation (0 FRET). 
Using a MATLAB script kindly provided by Jody Puglisy (Stanford University) 
[75], we bin the trajectories (0.05 FRET bins, 3 s time bins for Apo3G or 2 s time 
bins for AID) to determine how many trajectories are located at a given FRET 
and time value and generate the histograms. For the transcription bubble 
experiment, 0.05 FRET bins, 10 frames (time) bins, and threshold of 0.35 FRET 
were used. 
2.14 smFRET deamination assay for Apo3G 
DNA substrates were surface immobilized as described above using 
deamination buffer (50 mM MOPS, pH 7.4, 125 mM Na+). Cy5-labeled Pfu exo- 
(50 nM) and unlabeled Apo3G (1 nM) were introduced on to the surface 
immobilized substrate DNA immediately followed by data acquisition with 1s time 
resolution [69] for the first 10 min. For each substrate tested, we analyzed 100-
200 single-molecule trajectories (N) and for each substrate we found the number 
of DNA molecules (n) showing any specific Cy5-labeled Pfu exo- binding (ton ≥ 
1s) and the bound percentage was calculated as n/N × 100%. A small 
background (~10%) of non-specific binding (measured in absence of Apo3G) 
was subtracted for each substrate. 
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2.15 smFRET DNA conformational dynamics experiments  
To study the enzyme-induced ssDNA conformational dynamics, we 
immobilized ssDNAs with 3'-Cy5 to the 5'-Cy3 labeled anchor DNA as described 
above in the scanning experiment for each enzyme. Data acquisition from ~6 
different areas of the reaction channel was done in absence and presence of the 
enzyme (1nM Apo3G or 20 nM AID) with 1 s time resolution [69] for 10 min each. 
The smFRET histograms were obtained by time-binning >100 time trajectories 
and fit to a single Gaussian (Equation 2.7), in the case of Apo3G or multiple 
Gaussians (Equation 2.8), in the case of AID, using Igor (Wavemetrics, Lake 
Oswego, OR). 
                           
€ 
y = Aexp(−(FRET − FRET0)2 /2σ2,                                   2.7 
                                 
€ 
y = Ai exp(−(FRET − FRET0 i )2 /2σi2
i=1
n
∑ ) ,                                2.8 
2.16 FRET-ssDNA distance calibration experiments  
To calibrate the FRET values in terms of number of nucleotides, we used 
a series of doubly labeled ssDNA with: 15 nt, 30 nt, 45 nt, 60 nt, 60 nt and 72 nt 
separation between Cy3 and Cy5 (Figure 4.7d, Figure 4.8 panel 1). ssDNA were 
surface immobilized as described above, and the data acquisition from 6 different 
areas (10 minute each) of the reaction channel was done in the absence or 
presence of AID (20 nM) with 1 s time resolution[69]. The smFRET histograms 
were obtained by time-binning ~100 background corrected FRET-time 
trajectories. The resulting average FRET value for each distribution was 
converted in to a distance using the Förster’s equation, and plotted in Fig. 3e as 
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a function of Cy3-Cy5 separation. The distance distribution obtained in the 
absence of AID clearly follows a strait line of,  
                               
€ 
y = 46 + 0.6x  (r2 = 0.9737),                                        2.9 
2.17 smFRET for Co-transcriptional AID scanning  
A Cy3 labeled dsDNA with a T7 promoter (near the surface) is 
immobilized and T7 RNA polymerase (5 nM) was used to transcribe the DNA. 
Cy5 labeled 20 nM AID in a transcription-scanning buffer (40 mM Tris-HCl, pH 
7.9, 5 mM Mg2+, 60 mM Na+, 0.2 mg/mL BSA, 2 mM Trolox to prevent the photo 
blinking of the dyes and oxygen scavenger system consisting 2.5 mM 3,4-
dihydroxybenzoic acid (PCA-SIGMA), 250 nM protocatechuate dioxygenase 
(PCD-SIGMA) to minimize the photobleaching of the dyes) was used to bind and 
scan in the transcription bubbles under different conditions (no rNTPs, no T7 
RNApol, 5 µM all 4 rNTPs). Data acquisition was done same as before on a 
home built prism-based total internal reflection single-molecule fluorescence 
microscope at 100 ms time resolution[69]. Movies were recorded from ~10 
different areas of a sample chamber for ~5 min each. 
2.18 Single-molecule FRET (smFRET) for binding and scanning of Cy5 
labeled AID on dsDNA containing transcription bubbles 
 We obtained a Cy3-labeled, 66 nt long, partially complementary dsDNA, 
with 8 nt ‘transcription bubble’ in the middle by annealing a 5'-biotin 70mer DNA 
to a 5'-Cy3-labeled 66mer DNA (Table 2.2). smFRET experiments were carried 
out to observe the binding and scanning of 20 nM Cy5 labeled AID (in 50 mM 
MOPS, pH 7.4, 5 mM Mg2+, 60 mM Na+, 0.2 mg/mL BSA, 2 mM Trolox to prevent 
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the photo blinking of the dyes and oxygen scavenger system consisting 2.5 mM 
3,4-dihydroxybenzoic acid (PCA-SIGMA), and 250 nM protocatechuate 
dioxygenase (PCD-SIGMA) to minimize the photobleaching of the dyes)  on the 
static bubble. Data acquisition was done same as before on a home built prism-
based total internal reflection single-molecule fluorescence microscope at 100 
ms time resolution[69]. Movies were recorded from ~10 different areas of a 
sample chamber for ~5 min each. 
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CHAPTER 3 
3.0       Single-stranded DNA Scanning and Deamination by 
            APOBEC3G Cytidine Deaminase at Single-Molecule 
Resolution 
 
Adapted from: Senavirathne, G., Jaszczur, M., Auerbach, P.A., Upton, T.G., 
Chelico, L., Goodman, M.F., and Rueda, D. Single-stranded DNA scanning and 
deamination by APOBEC3G at single molecule resolution. J. Biol. Chem. 2012, 
287(19), 15826-35. 
 
3.1 Introduction 
Incidental deamination of C→U occurs frequently, especially on single-
stranded (ss)DNA [30], which is a potential source of spontaneous C→T 
mutations. The elimination of U•G mismatches by base excision repair ensures 
that deamination-initiated mutations are minimized in genomic DNA [30, 31]. 
However, C deaminations also occur enzymatically, as a regulated function of 
the immune system [32, 33]. For the HIV-1 host restriction factor, APOBEC3G 
(Apo3G), this entails deaminating C residues on newly reverse transcribed HIV-1 
cDNA (minus strand DNA), most often in 5ʹ′-CCC motifs, mainly at C, although 
occasionally at the middle C in the motif [45, 76]. The virus can be neutralized by 
the catalytic action of Apo3G in at least two ways. The presence of U might 
induce degradation of the HIV-1 minus strand by concerted action of uracil DNA 
glycosylase and AP-endonuclease [31, 77, 78], or G→A mutations that occur 
following synthesis of the plus strand may destroy viral infectivity [45, 76, 79]. In 
the event that Apo3G does not induce sufficient mutagenesis to result in HIV-1 
inactivation, it may contribute to HIV-1 evolution and development of drug 
resistant quasi-species [80]. It is important to establish the biochemical 
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mechanisms of how Apo3G induces multiple mutations in the HIV-1 genome per 
se, and also to support ongoing efforts to develop Apo3G-based HIV therapies 
[81] 
Our objective is to examine how Apo3G locates and then deaminates C 
motifs on an ssDNA substrate. Apo3G contains two deaminase domains. The N-
terminal domain (CD1) is not catalytically active, but it is required for HIV-1 virion 
encapsidation and can bind DNA and RNA [82, 83]. The C-terminal domain 
(CD2) contains the active site [46]. Previous ‘bulk’ biochemical studies showed 
that Apo3G catalyzes processive deaminations on linear ssDNA prior to acting 
on another substrate molecule, while displaying a pronounced catalytic polarity 
[44, 70]. Trinucleotide motifs are deaminated with increased efficiency when 
located nearer to the 5ʹ′-end of the DNA, and the terminal 33nt at the 3ʹ′-end of an 
ssDNA substrate are barely deaminated, creating a deamination ‘dead zone’ 
[44]. The current model for the Apo3G scanning mechanism that has resulted 
from bulk biochemical studies has yet been unable to answer several questions 
regarding the scanning mechanism. These questions are addressed here using 
smFRET. From a biological perspective, it has been suggested that Apo3G 
deamination polarity offers a likely explanation for the presence of localized 
mutational gradients in the HIV-1 genome that appear to be important in viral 
inactivation [84]. 
Using single molecule (sm) FRET, we visualize Apo3G movement and 
catalysis on linear ssDNA in real-time. We investigate the how motif location and 
identity, i.e., ‘hot’ versus ‘cold’ motifs, influence Apo3G motion, C deamination 
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efficiency, and DNA creasing. The smFRET data provide new insights into a 
model in which Apo3G is presumed to scan ssDNA in a symmetric, bidirectional 
manner, yet causes spatially polar deaminations by binding asymmetrically to 
ssDNA in two orientations, one which is catalytically active and the other which is 
essentially inactive [85], with pseudo-localized scanning in the vicinity of a 5ʹ′ hot 
motif.  
3.2 Results 
3.2.1 Processive Apo3G-catalyzed C deamination on ssDNA  
Apo3G was incubated with phage M13mp2 circular DNA containing a 
series of in-frame 5ʹ′-aaaCCCaaa hot motifs embedded in lacZa reporter 
sequence located within a single-stranded gapped region of M13 dsDNA (Figure 
3.1). Following transfection of the DNA in Ung- E. coli, Apo3G-catalysed 
deaminations are identified as C→T mutations in DNA isolated and sequenced 
from individual mutant phage clones [71]. M13 mutant phage (white plaques) 
comprise <2% of the total plaques, mutant and wild type (blue plaques), so that 
virtually all of the individual DNA clones were deaminated by at most one Apo3G 
molecule, in accord with Poisson statistics [55, 86]. The mutations occur as 
singletons and in clusters containing 2 to 5 consecutively deaminated motifs, with 
deaminations observed predominantly at C in 5ʹ′-aaaCCCaaa (Figure 3.1). The 
data suggest that a single Apo3G molecule scans ssDNA processively, 
deaminating C→U haphazardly, reminiscent of the processive stochastic 
deamination patterns observed for activation-induced cytidine deaminase (AID) 
[71], which is also an APOBEC family protein [32, 33]. Dr. Goodman’s laboratory 
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has purified native Apo3G to apparent homogeneity and has previously obtained 
a high-resolution X-ray structure for the catalytic CD2 domain [46]. We now 
examine the scanning behavior of native full-length Apo3G at single molecule 
resolution using smFRET.   
 
	  	  
Figure 3.1: Apo3G-initiated mutation patterns. (a) Sketch demonstrating the 
structure of the gapped M13 vector containing the series of aaaCCCaaa hot 
motifs in-frame with the lacZa reporter sequence. The hot motifs were inserted 
into the EcoRI site of the lacZa as three cassettes of twelve repeats separated by 
short spacers. Gap DNA (~1 mM) was incubated with Apo3G (10 fmole) for 5 s at 
37 °C in the presence of MgCl2 (5 mM), followed by transfection in to host cells 
and plating on X-gal-containing media. Deamination of any target C results in a 
stop codon during transcription and a white plaque following transfection. (b) The 
target area is represented schematically with CCC motifs represented by a black 
dot and Apo3G-catalyzed deamination events of the 3ʹ′-C represented by a red T. 
The presence of mutational singletons interspersed with clusters of consecutively 
mutated motifs, as shown in representative clones, is consistent with a model 
wherein Apo3G moves bidirectionally on the DNA, predominantly by sliding, 
which gives rise to the consecutive deaminations, whereas hopping and 
intersegmental transfers could also reposition the enzyme on the ssDNA (These 
data were collected in Dr. Myron F. Goodman’s laboratory at University of 
Sothern California). 
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3.2.2 Apo3G scans ssDNA randomly and bidirectionally 
We investigated the scanning behavior of Apo3G on a surface 
immobilized ssDNA labeled at the 5ʹ′-end with Cy3, containing an ataCCCaaa hot 
motif [70] located near the 5ʹ′-end (pdT 5ʹ′ hot), and used a Cy5-labeled Apo3G to 
scan the DNA (Figure 3.2a, Table 2.1). Based on previous AFM data [44, 85] we 
have verified that Apo3G is predominantly a monomer under the smFRET 
conditions. The smFRET trajectories (Figure 3.2b) show Apo3G binding and 
scanning motion as changes in apparent FRET efficiency, binding as an abrupt 
increase from zero, dissociation as a sharp decrease to zero. Motion toward 5ʹ′- 
and 3ʹ′-directions are observed as increases and decreases in FRET, 
respectively. Representative single-molecule intensity trajectories and 
corresponding smFRET trajectories for scanning of Apo3G on different poly dT 
substrates are presented in Figure 3.3.  
The FRET trajectories reveal two populations, consistent with bulk 
experiments [44]. About half show short Apo3G binding, <25 s (FRET ~ 0.2) with 
apparent binding and dissociation pseudo-first order rate constants kon = 0.01 ± 
0.01 s-1 and koff = 0.23 ± 0.04 s-1, respectively, determined by fitting the dwell 
time distributions on the free and bound states with single exponential decays 
(Figure 3.4). Long binding trajectories (≥25 s) display rapid oscillations with a 
FRET efficiency ranging 0.2 - 0.8, indicating that Apo3G scans the entire ssDNA, 
moving in processive slides/hops between the tethered 5ʹ′- (FRET ~0.8) and free 
3ʹ′-end (FRET ~0.2) (Figure 3.2b, Trajectories). These scanning trajectories show 
remarkably longer residence times that can span up to 10 min, with an average 
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bound time of 110 s (Table 3.1). This remarkably long binding duration is also 
illustrated in representative single-molecule trajectories presented in Figure 3.5, 
where Apo3G bound to the DNA at least for 10 minutes.  
Since specific FRET states could not be identified, a hidden Markov Model 
(HMM) [74]	   was used to determine FRET densities corresponding to the 
locations of Apo3G relative to the 5ʹ′-end (Chapter 2, Material and Methods). 
Thus, each ‘FRET state’ corresponds to an ensemble of configurations 
characterized by the distance between the protein and the 5ʹ′ end. The HMM is 
used to generate a transition density plot (TDP) showing the number of 
transitions observed between initial and final FRET states (Figure 3.2b, TDP). All 
initial binding events stem from zero FRET on the y-axis, with most occurring at 
~0.2 FRET, indicating that Apo3G binds preferentially away from the tethered 5ʹ′-
end, confirmed by switching the tethered DNA to the 3ʹ′-end, in which case 
favored binding still occurs near the free end (i.e., 5ʹ′-end) (Figure 3.6). 
Movements toward the 5ʹ′ and 3ʹ′ ends appear as peaks above and below the 
diagonal, respectively. The transitions are symmetric in both directions (Figure 
3.2b, TDP), indicating that Apo3G scans ssDNA without directional preference. 
Analysis of the dwell times between FRET states shows that scanning transitions 
occur with similar rate constants ~1 s-1, measured at 33 frames/s (Figure 3.7; 
Table 3.2).  
An estimate of scanning distance in either direction is obtained using the 
number of transitions in the TDP and Förster’s equation (Chapter 2, Materials 
and Methods). The number of transitions decays exponentially from the initial 
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binding site, consistent with random excursions (Figure 3.2b, Excursion lengths) 
with a half-distance l = 12 Å (~9 nt) [87]. To eliminate data blurring from 
asynchronous binding, long binding trajectories were post-synchronized by 
alignment at the initial binding event [75]. The post-synchronization histogram 
(PSH) shows an initial FRET increase to ~0.2 (Figure 3.2b, PSH), consistent with 
the initial binding observed in the TDP. The FRET ratio increases to ~0.4, 
followed by oscillations between 0.2 - 0.7. Therefore, Apo3G moves in a 
bidirectional random manner, yet hovers in the vicinity of the 5ʹ′-hot motif as 
shown by trajectories that remain synchronized up to 150 s (Figure 3.2b, PSH).  
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Figure 3.2: Apo3G scans ssDNA with random, bidirectional motion tending to 
favor a quasi-localized region nearby deamination motifs. (a) Sketch showing 
single-molecule FRET setup for analyzing scanning of Apo3G on ssDNA. ssDNA 
(92 nt) is annealed to a Cy3-labeled (D = donor), surface immobilized anchor 
DNA. Binding and scanning of Cy5-labeled (A = acceptor) Apo3G results in 
FRET changes. (b-f) Representative long binding smFRET time trajectories, 
transition density plot, Scanning length analysis and post-synchronization 
histogram for each ssDNA substrate, as indicated. Representative trajectories 
show the calculated anti-correlated FRET ratios (y-axis, black) with the HMM fit 
(red) over a given time (x-axis). The TDPs were prepared by HMM analysis of 
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the long binding FRET transitions summarized in Table 3.1; the intensity bar 
represents the frequency scale of FRET transitions (low frequency = blue, high 
frequency = yellow). Scanning length analysis displays the distribution of the 
distances (x-axis) Apo3G travels from the initial binding site and the frequency of 
those transitions relative to all transitions. The % intensity (y-axis) gives the 
relative probability of each step Apo3G traveled, which decays exponentially with 
distance, fit to single exponential curves to calculate scanning lengths (l) ± error 
from the fitting. The post-synchronization histogram is compiled using the FRET 
transitions (y-axis) over a given time (x-axis); the intensity bar represents the 
frequency scale of these particular FRET states (low = beige, high = red). Apo3G 
tends to have more frequent and longer transitions in the vicinity of a hot motif, 
showing that Apo3G tends to scan more often in the vicinity of a 5ʹ′-hot motif, 
referred to in the text as ‘quasi-localized’ scanning.  
 
 
 
Figure 3.3: Single-molecule intensity trajectories and corresponding smFRET 
trajectories for scanning of Apo3G on different poly dT substrates. 
Representative single-molecule fluorescence time trajectories show; Cy3 donor 
(blue) and Cy5 acceptor (red) intensities with corresponding calculated smFRET 
ratios (y-axis, black) with the HMM fit (red) over a given time (x-axis) as indicated 
for each substrate. FRET is calculated as, ICy5/(ICy3+ICy5) where, ICy3 = Intensity of 
Cy3, ICy5 = Intensity of Cy5. 
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Figure 3.4: Single-molecule FRET and kinetic analysis of Apo3G short binding on 
ssDNA. (a) Representative short binding smFRET time trajectory for pdT 5' hot; 
FRET ratios (y-axis, black) with the HMM fit (red) over a given time (x-axis). (b) 
Dwell time distributions on the free and bound states were fit with single 
exponential decays to determine the apparent rate constants kon (left) and koff 
(right) and errors from the fit (n = 83).  
 
 
 
DNA Number of Molecules 
Number of 
Short 
Binders 
Number of 
Long Binders 
Average 
bound time 
(s) 
pdT 5' hot 151 83 68 110 ± 12 
pdT 3' hot 150 88 62 75 ± 9 
pdT 5' cold 103 59 44 96 ± 14 
pdT 5' 
CCU 
135 73 62 88 ± 11 
pdT 128 67 61 77 ± 9 
pdA 5' hot 128 60 68 77 ± 8 
 
Table 3.1: Fraction of short and long binders for each substrate and average 
bound times for long binders. Average bound times are averaged by number of 
observed binding events (N) and errors were calculated based on N, as Total 
bound time / (N)1/2.  
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Figure 3.5: Single-molecule FRET trajectory for Apo3G bound to pdT 5' hot for 
almost 10 min. Representative smFRET time trajectory for pdT 5' hot; (top) donor 
(blue) and acceptor (red) intensities, (bottom) FRET ratios (y-axis, black) with the 
HMM fit (red) over a given time (x-axis). 
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Figure 3.6: Apo3G binds the end further from the surface. (a) To test whether 
Apo3G binds preferentially the end away from the surface, we inverted the 
ssDNA relative to Figure 2. (b) Representative single-molecule fluorescence time 
trajectory for inverted pdT 5' hot over a given time (x-axis). Corresponding 
calculated FRET ratio (y-axis, black) with the HMM fit (red), and (c) 
corresponding TDP (n = 57) revealing that most binding events occur near 0.2 
FRET. These results confirm that Apo3G binds preferentially the end away from 
the slide surface. 
 
 
 
 
Figure 3.7: Apo3G scanning with 30 ms time resolution. (a and b) Representative 
single-molecule fluorescence time trajectories (panel 1), corresponding 
calculated FRET ratios (y-axis, black) with the HMM fit (red) (panel 2), calculated 
Transition Density Plot (pdT 5' hot DNA, n = 28 and pdT DNA, n = 26). The 
resulting rate constants for pdT 5' hot DNA are given in Table 3.2. 
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  Final FRET 
  0 0.15 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 
0 - 2±1 (1.9%) 
1±1 
(0.2%) - - - - - - - 
0.15 1±1 (2.0%) - 
2±1 
(6.9%) 
2±1 
(1.9%) 
3±1 
(0.3%) - - - - - 
0.30 1±1 (0.4%) 
2±1 
(6.8%) - 
3±1 
(7.0%) 
2±1 
(3.8%) 
1±1 
(0.5%) 
4±1 
(0.2%) - - - 
0.40 2±1 (0.1%) 
3±1 
(2.0%) 
3±1 
(7.5%) - 
2±2 
(6.6%) 
4±2 
(2.7%) 
1±1 
(0.5%) - - - 
0.50 - 3±1 (0.3%) 
4±1 
(3.2%) 
3±1 
(7.7%) - 
3±1 
(6.7%) 
4±1 
(2.5%) 
5±1 
(0.1%) - - 
0.60 - - 4±1 (0.9%) 
3± 1 
(2.6%) 
2±1 
(5.9%) - 
4±1 
(2.6%) 
3±1 
(0.8%) 
2±1 
(0.2%)  
0.70 - - - - 3±2 (3.4%) 
4±1 
(2.0%) - 
3±1 
(2.4%) 
2±1 
(0.3%) 
5±1 
(0.1%) 
0.80 - - - - 2±1 (0.4%) 
6±2 
(0.9%) 
3±1 
(2.3%) - 
3±1 
(1.2%) - 
0.90 - - - - - 1±1 (0.2%) 
2±1 
(0.3%) 
2±1 
(1.2%) - 
1±1 
(0.2%) 
In
iti
al
 F
R
ET
 
1.00 - - - - - - - 2±1 (0.2%) 
1±1 
(0.1%) - 
 
Table 3.2: Kinetic rate constants for transition between FRET states calculated 
by fitting the FRET peaks in Figure 3.7 TDP to Gaussians, and the errors (±) 
represent standard devastations calculated as Gaussian widths. Numbers in 
parentheses indicate the percentage of a given transition with respect to all the 
observe transitions calculated based on the heights of the Gaussians.  
 
 
3.2.3 Apo3G dwells on targets in a sequence dependent manner 
Moving the hot motif closer to the 3ʹ′-end shows that scanning is strongly 
influenced by motif location, where Apo3G goes to high FRET values (>0.4) less 
often for the 3ʹ′-hot motif (Figure 3.2c). The number of transitions from the initial 
binding site decays exponentially with a half-distance l = 7 Å (~5 nt excursions) 
(Figure 3.2c, Scanning lengths), about half compared to the 5ʹ′-hot motif. The 
post-synchronization histogram for the 3ʹ′-hot trajectories confirms initial binding 
at ~0.2 FRET, followed by oscillations between 0.2 - 0.6 FRET, but with more 
transitions in the 0.2 - 0.4 range and fewer in the 0.4 - 0.6 range (Figure 3.2c, 
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PSH). The trajectories remain synchronized up to 50 s (Figure 3.2c, PSH) 
compared to ~150 s for the 5ʹ′-hot motif.  
The local sequence surrounding the target CCC influences scanning as 
shown by replacing the 5ʹ′-hot (ataCCCaaa) motif with a 5ʹ′-cold (tttCCCttt) motif 
[70] (Figure 3.2d). The initial binding nearer the 3ʹ′-end (~0.2 FRET), excess 
transitions toward the 5ʹ′-end (FRET>0.4), and excursion half-distance 11 Å 
(Figure 3.2d, Scanning lengths) are similar to the 5ʹ′-hot motif. However, the 
trajectories remain synchronized for only about half as long, 75 s compared to 
150 s for the 5ʹ′-hot motif (Figure 3.2d, PSH), suggesting that Apo3G hovers in 
the vicinity of the 5ʹ′-hot motif (~0.4 FRET), about twice as long compared to the 
5ʹ′-cold motif, since for the cold motif much more of the scanning occurs at lower 
FRET states (0.2 – 0.3) away from the target motif (Figure 3.2d, PSH). Scanning 
toward the 5ʹ′-end (FRET>0.4) remains when the hot 5ʹ′-CCC is replaced by the 
5ʹ′-CCU deaminated product, and the scanning excursion (9 Å) is intermediate 
(Figure 3.2e, Excursion lengths). However, the synchronized trajectories, 
reflecting hovering, near the 5ʹ′-CCU are 75 s (Figure 3.2e, PSH), which is half as 
long as the 5ʹ′-hot motif, but similar to the 5ʹ′-cold motif. In the absence of a 
deamination target (poly dT, Figure 3.2f), the scanning is similar to the 3ʹ′-hot 
DNA (pdT 3ʹ′ hot) with respect to traces, TDP, and displacement half-distance 
from the initial binding site.  
Notably, however, the histogram for poly dT (pdT) shows that there is no 
longer a discernible spatial localization of Apo3G on the DNA (Figure 3.2f, PSH). 
In other words, Apo3G hovering is absent when there is no deamination motif. 
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The long binders exhibit similar average residence times for each of the 
constructs (Table 3.1). In summary, the data show that Apo3G scans ssDNA 
bidirectionally over the entire molecule, favoring movement in the vicinity of a 5ʹ′-
hot motif.  
3.2.4 Apo3G creases ssDNA in a deamination motif-dependent manner 
With fluorescent probes located at 5ʹ′- and 3ʹ′-ends, we can use smFRET 
to detect DNA creasing by measuring end-to-end distances in the presence of 
unlabeled Apo3G (Figure 3.8a). In the absence of Apo3G, the histogram for pdT 
5ʹ′ hot has a narrow distribution centered at 0 (Figure 3.8b), indicating that the 
DNA is in an extended conformation with its ends separated by >90 Å. In the 
presence of Apo3G, the FRET distribution shifts to 0.5 and broadens (0.2 – 0.8) 
indicative of creasing (Figure 3.8c). The broad distribution indicates the presence 
of rapid conformational dynamics exceeding our time resolution (1 s) [88]. 
Pronounced differences are observed for the pdT 3ʹ′ hot, where the FRET 
distribution is centered at 0.4 and the width narrows (0.2 – 0.6) (Figure 3.8d). A 
further shift to 0.3 and narrowing (0.1 – 0.4) occurs with pdT 5ʹ′ cold (Figure 3.8e), 
5ʹ′-CCU product (Figure 3.8f) and pdT (Figure 3.8g). These data show that 
Apo3G creases ssDNA in a motif-dependent manner. Creasing is most 
pronounced during long excursions from the initial binding site in the vicinity of a 
5ʹ′-hot motif (Figure 3.2), and could be originating from Apo3G grabbing the 3ʹ′-tail 
during scanning, due to the electrostatic interaction between negatively charge 
DNA backbone and positively charge CD1 domain.  
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Figure 3.8: Apo3G creases ssDNA in a motif-dependent manner. (a) Single-
molecule FRET setup for detection of DNA creasing during Apo3G scanning. A 
FRET pair (Cy3 and Cy5) at each end of the ssDNA enables monitoring of 
conformational changes following unlabeled Apo3G binding. (b-g) Single-
molecule FRET histograms are prepared based on the frequency (y-axis) of 
FRET states (x-axis). Black line indicates Gaussian fit to the FRET distribution for 
each substrate. Histograms reveal DNA creasing as changes in the width and 
center of the FRET distribution. The data show that Apo3G creases ssDNA in a 
motif-dependent manner, where creasing is most pronounced for the 5ʹ′-hot motif.  
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3.2.5 Distinguishing between Apo3G scanning and ssDNA creasing 
The FRET fluctuations shown in Figure 3.2, with the FRET donor situated 
at the 5ʹ′-tethered end of the ssDNA are interpreted as Apo3G scanning the 
ssDNA. However, a possible alternative explanation for these fluctuations could 
be that Apo3G binds at a fixed position on the DNA and causes DNA 
conformational changes, e.g., by creasing the DNA, which would also result in 
distance changes between the FRET donor on the 5ʹ′-ssDNA end and acceptor 
on Apo3G, that binds preferentially near the untethered 3ʹ′-end (Figure 3.2).  
To establish that Apo3G does not remain bound at a fixed position, but 
instead moves along the ssDNA, we relocated the FRET donor to the 3ʹ′-end of 
the ssDNA substrate (Figure 3.9a). If Apo3G were to bind nearer the 3ʹ′-tail and 
crease the ssDNA without scanning, then the FRET ratio should remain 
approximately constant. However, the observed smFRET trajectories and TDP 
analysis for the pdT 5ʹ′ hot ssDNA (Figure 3.9b,c) show rapid, bidirectional FRET 
changes (in the range of FRET 0 - 1) independently indicating that Apo3G moves 
along the entire ssDNA.  
 
 
Figure 3.9: Apo3G binds and scans the entire ssDNA. (a) Single-molecule FRET 
setup for analyzing scanning of Apo3G on ssDNA relative to the free 3ʹ′ end. 3ʹ′-
Cy3-labeled ssDNA (92 nt) is annealed to a surface immobilized anchor DNA. 
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Binding and scanning of Cy5-labeled (A = acceptor) Apo3G results in FRET 
changes. (b) Representative smFRET scanning trajectory shows the FRET ratios 
(y-axis, black) with the HMM fit (red) over a given time (x-axis). (c) The TDP was 
prepared by HMM analysis of the long binding FRET transitions (n = 66); the 
intensity bar relates to the frequency of FRET transitions at specific states (low 
frequency = blue, high frequency = yellow). Scanning trajectories and TDP show 
that Apo3G scans the entire DNA and does not remain bound to the 3ʹ′ end. 
 
Another important distinction between Apo3G ssDNA scanning and 
creasing was obtained by repeating smFRET scanning measurements using poly 
dA with a 5ʹ′-hot motif (Figure 3.10, pdA 5ʹ′ hot). Owing to significantly greater 
base stacking, pdA is considerably stiffer than pdT and therefore should 
decrease creasing while maintaining scanning. Indeed, when unlabeled Apo3G 
binds pdA 5ʹ′ hot that is labeled on each end (Figure 3.10a), ssDNA creasing is 
significantly reduced (FRET ~0.2). Figure 3.10b (Trajectories) shows 
representative FRET time trajectories of Cy5 labeled Apo3G moving along the 
pdA 5ʹ′ hot ssDNA. Similar FRET fluctuations are observed as on pdT 5ʹ′ hot 
(Figure 3.2b), indicating that Apo3G also scans the stiffer ssDNA (Figure 3.10b). 
The resulting TDP shows symmetric FRET oscillations between ~0.2 and ~0.8, 
indicating that Apo3G also scans poly dA-5ʹ′ hot randomly and bidirectionally 
(Figure 3.10b).  
Once again, to confirm that Apo3G scans the DNA, and doesn't gain 
access to different DNA regions by creasing the DNA while remaining bound at a 
fixed position, the Cy3 donor label was placed at the 3ʹ′ end of ssDNA. Here 
again, the FRET trajectories and TDP analysis show that Apo3G randomly and 
bidirectionally scans the entire ssDNA (FRET 0-1; Figure 3.10c). These data 
confirm that the FRET fluctuations observed in the time trajectories reflect the 
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scanning behavior of the enzyme on the DNA for the less flexible pdA 5ʹ′ hot 
(Figure 3.10b) as it did for the more flexible pdT 5ʹ′ hot (Figure 3.2b).  
 
 
Figure 3.10: Apo3G scans stiffer ssDNA with reduced creasing. Apo3G induced 
ssDNA creasing for pdA 5ʹ′ hot DNA was monitored using a setup similar to 
Figure 3.8a. (a) Single-molecule FRET histograms in the presence (panel 1) and 
absence (panel 2) of Apo3G reveal less protein-induced DNA creasing as a small 
change in the center of the FRET distribution and width. (b) Representative long 
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binding smFRET time trajectory, and TDP for pdA 5ʹ′ hot DNA scanning (n =68) 
shows similar scanning to the pdT 5ʹ′ hot (setup as in Figure 3.2a). (c) 
Representative long binding smFRET time trajectory, and TDP for scanning 3ʹ′ 
Cy3 labeled pdA 5ʹ′ hot DNA (n = 50) show Apo3G scans this stiffer DNA and 
does not remain bound to the 3ʹ′ end. 
 
3.2.6 Reduced Apo3G mobility on ssDNA at low ionic strength 
The catalytically inactive N-terminal CD1 domain has a large net positive 
charge (+11), in contrast to the catalytically active CD2 domain (-4.5), and is 
likely to govern the mobility of Apo3G on ssDNA, which should depend on metal 
ion concentration. When the experiments for 5ʹ′-hot and poly dT DNA were 
repeated in ‘low’ salt conditions (30 mM Na+, no Mg2+), compared to ‘high’ salt 
(60 mM Na+, 5 mM Mg2+) (Chapter 2, Materials and Methods), there was a 
marked reduction in scanning speed, accompanied by lengthy pauses in the 
FRET trajectories (Figure 3.11). Although bidirectional motion still occurs over 
the entire ssDNA at low salt, there are far more transitions confined to low FRET 
values near the initial binding site (Figure 3.11a,b TDP), and the average 
excursion distance for the pdT 5ʹ′ hot is reduced to 8 Å compared to 12 Å at high 
salt (Figures 3.2b and 3.11a, Scanning lengths). The scanning transition rate 
constants are reduced 10 – 100-fold at low salt (Table 3.3), and, most notably, 
the localized motions of Apo3G near the 5ʹ′-hot motif at high salt (Figure 3.2b, 
PSH) are absent at low salt (Figure 3.11a, PSH). The same restricted motion is 
observed for the pdT substrate, with a 6 Å excursion distance (Figure 3.11b, 
Scanning lengths). Low salt also diminishes DNA creasing, as shown in 
histograms having narrower distributions centered at lower FRET values for the 
pdT 5ʹ′-hot (Figure 3.11c). The large increase in the mobility of Apo3G on ssDNA 
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at higher salt is likely caused by a partial shielding of the electrostatic interactions 
between the strongly positively charged CD1 domain and the negatively charged 
DNA phosphate backbone, possibly augmented by an increased DNA base 
stacking [89] that could further facilitate Apo3G movement by providing a more 
ordered ssDNA backbone.  
 
 
Figure 3.11: Low salt restricts Apo3G scanning. (a,b) Representative low salt 
long binding smFRET time trajectories, TDP, Scanning length analysis and PSH, 
for pdT 5ʹ′ hot DNA and poly-dT DNA (n = 69 and 67, respectively), as indicated.  
Experimental set up as in Figure 3.2a. Decreasing the salt concentration 
increases the number and duration of pauses between transitions and reduces 
the amount of high FRET transitions (TDP), the average Scanning length (± error 
from the fitting) and the pseudo-localized motion, especially for 5ʹ′ hot DNA, 
indicating that low salt slows scanning down. (c) Single-molecule FRET 
histograms reveal less ssDNA creasing in low salt, but still in a motif dependent 
manner.  
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  Final FRET 
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0.90 - - - - - - 
0.18±0.0
5 
(0.5%) 
0.06±0.0
3 
(0.5%) 
- 
 
Table 3.3: Kinetic rate constants for transition between FRET states at low salt 
calculated by fitting the FRET peaks in Figure 3.11a TDP to Gaussians, and the 
errors (±) represent standard devastations calculated as Gaussians widths. 
Numbers in parentheses indicate the percentage of a given transition with 
respect to all the observe transitions calculated based on the heights of the 
Gaussians. 
 
3.2.7 Observing Apo3G C deamination polarity with smFRET 
Apo3G exhibits a marked deamination polarity favoring the 5ʹ′-direction on 
linear ssDNA measured in bulk solution [44, 70] (Figure 3.12a). Both native and 
Cy5-labled forms of Apo3G favor deamination of the 5ʹ′-CCC motif located toward 
the 5ʹ′-end of the ssDNA substrate by about 2-fold compared 5ʹ′-CCC situated 
nearer the 3ʹ′-end. Both enzymes also show correlated double deaminations, 
indicative of enzyme processivity [44, 70], as illustrated also by the clustered 
deamination patterns observed in Figure 3.1b. In contrast, the C-terminal 
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catalytically active CD2 domain is neither catalytically polar nor processive in the 
absence of the catalytically inactive CD1 domain [85] (Figure 3.12a).  
Native Apo3G polarity can be explored directly by smFRET using Cy5-
labeled Pfu DNA polymerase to bind to U on ssDNA [90, 91] following Apo3G 
conversion of 5ʹ′-CCC → CCU (Figure 3.12b). In the presence of Apo3G, Cy5-Pfu 
binds 18% of 5ʹ′-hot DNA (Figure 3.12d; Figure 3.12c, panel 1; FRET 0.4). No 
measurable binding of Cy5-Pfu occurs in the absence of Apo3G (Figure 3.12c, 
panel 3) or U (Figure 3.13). Placing the hot motif toward the 3ʹ′-end results in a 2-
fold reduction in the fraction of DNA bound by Cy5-Pfu (8%) accompanied by a 
lower FRET increase (Figure 3.12d; Figure 3.12c, panel 2; FRET 0.3). Therefore, 
Apo3G deaminates the 5ʹ′-hot motif more efficiently than the 3ʹ′-hot motif, as 
observed in bulk experiments [70] (Figure 3.12a). Replacing 5ʹ′-hot with a 5ʹ′-cold 
motif results in a 3.6-fold decrease in the fraction of DNA bound by Cy5-Pfu (5%, 
5ʹ′ cold, Figure 3.12d). Placing the hot motif 18 nt from the 3ʹ′-end within a 33 nt 
‘dead zone’ [44] results in marginal DNA binding by Cy5-Pfu (2%, ‘dead’, Figure 
3.12d). Therefore, Apo3G catalyzes asymmetric deamination favoring the 3ʹ′ → 5ʹ′ 
direction. It is important to point out that smFRET dynamics (Figure 3.2) could 
depend on prior- and post-reaction Apo3G target interactions. 
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Figure 3.12: Apo3G deaminates with 5ʹ′ to 3ʹ′ polarity. (a) Bulk deamination of a 
72 nt long ssDNA with two 5ʹ′-ataCCCaaa target motifs by unlabeled and Cy5-
labeled Apo3G and Apo3G-CD2. DNA is internally labeled with fluorescein. The 
Apo3G to ssDNA ratio is 1:20 for Apo3G and Apo3G-Cy5 and 1:1 for Apo3G-
CD2. A 5ʹ′-deamination results in a 54 nt fragment, a 3ʹ′-deamination results in a 
40 nt fragment and double deaminations result in a 22 nt fragment. 5ʹ′C/3ʹ′C ratios 
are indicated below each lane. The deaminase assay is carried out under the 
previously described single hit conditions [70], no more than 15% of substrate is 
used (b) Single-molecule FRET setup for detection of Apo3G catalyzed 
deamination; Cy3-labeled (D = donor) ssDNA and Cy5-labeled (A = acceptor) 
Pfu exo- polymerase. (c) Representative smFRET time trajectories of Cy5-Pfu 
binding to uracil on various ssDNA substrates, as indicated. Each binding event 
results in a FRET increase (arrows). (d) Background corrected percentages of 
Pfu bound DNA with different deamination motifs; 5ʹ′-hot (18 ± 3%, n = 281 
molecules), 3ʹ′-hot (8 ± 1%, n = 148 molecules), 5ʹ′-cold (5 ± 1%, n = 148 
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molecules), and ‘dead’ (2 ± 2%, n = 243 molecules). Error bars (±) were 
calculated based on n, as percentage/ (n) 1/2 %. The data show that a 5ʹ′-hot motif 
is deaminated preferentially, a hot motif is favored for deamination over a cold 
motif, and a region near the 3ʹ′-end containing a hot motif is almost refractory to 
deamination. (Bulk biochemical data were collected in Dr. Myron F. Goodman’s 
laboratory at University of Sothern California). 
 
 
 
 
Figure 3.13: Pfu binds U in ssDNA. Background corrected percentages of Pfu 
bound DNA. poly dT (1 ± 1%, N = 125), 5' TTT (ataTTTaaa; 2 ± 1%, N = 136), 
and 5' CCU (ataCCUaaa; 35 ± 6%, N = 114). These data confirm specific binding 
of Pfu to uracil in ssDNA. Errors were calculated based on the number of bound 
molecules (n), as percentage/(n)1/2%. 
 
3.3 Discussion 
APOBEC family proteins lie in two distinct groups, having either two 
‘deaminase’ domains, such as Apo3G, or one deaminase domain, e.g., AID [32, 
33]. When present as a monomer, Apo3G is composed of a catalytically active C-
terminal domain, CD2, with a negative charge (-4.5), and a catalytically inactive 
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CD1 domain, with a large positive charge (+11), needed for DNA and RNA 
binding [82, 83, 85]. A model to explain 3ʹ′→5ʹ′ deamination polarity suggests that 
Apo3G binds ssDNA in either an active or inactive orientation, with equal 
probability. The active orientation occurs when CD2 faces the 5ʹ′-ssDNA end, 
whereas the inactive orientation has CD1 facing the 5ʹ′-end [85] (Figure 3.14).   
 
 
Figure 3.14: Model depicting Apo3G catalytic 3ʹ′→5ʹ′ C deamination polarity. 
Apo3G binds ssDNA, with equal probability, in either a catalytically active (top) or 
inactive (bottom) orientation. In the active orientation Apo3G residues 
responsible for substrate specificity (loop 7 in the crystal structure) [46], are 
situated close to the 5ʹ′-CCC target, oriented so that the 3ʹ′C is positioned nearby 
the zinc ion hydroxylation site (red). In the inactive orientation, Apo3G residues 
responsible for substrate specificity are distant from the 5ʹ′-CCC target motif and 
away from zinc ion, thereby precluding catalysis. In the active orientation, CD2 (-
4.5) is located toward the ssDNA 5ʹ′-end and CD1(+11) is facing the 3ʹ′-end. A 
deamination ‘dead zone’ (marked in grey), covering about 33 nt, is present at the 
3ʹ′-end, which is caused by an inability of CD2 to bind in an active orientation 
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within this region, blocked by the presence of CD1. Although CD2 can bind in the 
‘dead zone’ in the opposite orientation, it cannot catalyze C deamination. This 
model is based on biochemical data showing deamination polarity [85] (Figure 
3.12a) and is consistent with a structural model based on a high-resolution 
crystal structure of CD2 [46] (shown in grey).  
 
The smFRET data for the ssDNA substrate speak directly to the 
asymmetric deamination model. The C deamination efficiency is about 2.3-fold 
higher for the 5ʹ′-hot motif compared to the 3ʹ′-hot motif (Figure 3.12d). The TDPs, 
determined by applying a hidden Markov analysis to analyze more than 100 
FRET traces (a representative trace shown in Figure 3.2, Trajectories; additional 
representative traces are shown in Figure 3.3), establish that the deamination 
polarity cannot be caused by favored motion in the 5ʹ′-direction. The reason is 
that the TDPs are symmetrical (Figure 3.2, TDP), which illustrates that Apo3G 
scanning along the ssDNA occurs with equal probability toward 5ʹ′- and 3ʹ′-
directions. Instead, the likely source of the 3ʹ′→5ʹ′ polarity is that Apo3G is active 
mainly, perhaps even solely, when bound with CD2 facing the 5ʹ′-end of the 
ssDNA (see, e.g., Figure 3.14).  
The presence of a ‘dead zone’, a 33 nt region at the 3ʹ′-end of the DNA in 
which deaminations are barely detectable [44] (Figure 3.12d) is consistent with 
this explanation. A ‘dead zone’ would inevitably occur when catalytically inactive 
CD1 were bound at the 3ʹ′-end, thereby precluding access by CD2. Binding in the 
opposite direction, with CD1 facing the 5ʹ′-end, would allow unrestricted access of 
CD2 to the 3ʹ′-end (‘dead zone’), but in a catalytically inactive orientation (Figure 
3.14). Notably, it is the 3ʹ′-C of the 5ʹ′-CCC-3ʹ′ motif that is almost always 
deaminated, whereas the 5ʹ′C is never deaminated [44, 45]. Based on an X-ray 
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structural analysis of CD2 [46], it was proposed that the 3ʹ′-C is properly 
positioned nearby the catalytic Zn hydroxylation site only when CD2 is ‘facing’ 
the 3ʹ′-C of the 5ʹ′-CCC motif (Figure 3.14, see figure legend). While the structural 
model [46] is consistent with the asymmetrical deamination model derived from 
biochemical data [85], conclusive structural support for the biochemical model 
awaits an Apo3G-ssDNA cocrystal structure.  
The catalytic asymmetry is likely a consequence of the double domain 
structure of Apo3G. In the absence of CD1, deaminations catalyzed by CD2 have 
no ‘dead zone’ [85] and are non-polar when acting on linear ssDNA [85] (Figure 
3.12a). AID, which has just a single catalytically active domain also has no ‘dead 
zone’ and catalyzes deaminations with equal efficiencies in 5ʹ′- and 3ʹ′-directions 
[44] (Figure 3.15). Notably, it is the use of a linear ssDNA construct that imposes 
the type of end constraint that facilitates identification of dual catalytic 
orientations, active and inactive. As predicted, there was no polarity observed on 
circular ssDNA [44], but there are still active and inactive orientations of Apo3G, 
which cannot be detected without imposing a constraint such as a DNA end. 
However, annealing a complementary DNA to a circle restored the polarity [44], 
which may explain the presence of localized regions showing 3ʹ′→5ʹ′ deamination 
polarity that are observed on the HIV-1 cDNA during reverse transcription in vivo 
[84], where cDNA synthesis and RNA template degradation occur concurrently 
leaving ssDNA for Apo3G to act on proximal to potentially multiple RNA/DNA 
hybrid regions. 
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Figure 3.15: AID-dependent deaminations on 85 nt long ssDNA with two AGC 
target motifs. ssDNA is internally labeled with fluorescein. A 5'-deamination 
results in a 67 nt fragment, a 3'-deamination results in a 48 nt fragment and 
double deaminations result in a 30 nt fragment. The deaminase assay is carried 
out under the previously described single hit conditions [70]. AID deaminates 5' 
and 3' target motifs with equal probability. The presence of 30 nt double-
deamination band indicates that AID processively deaminates ssDNA. (These 
data were collected in Dr. Myron F. Goodman’s laboratory at University of 
Sothern California). 
 
 
There is a paucity of dynamic data for enzymes that scan ssDNA. The 
smFRET data provide an initial picture describing ssDNA scanning by Apo3G. 
The magnitude of the temporal variations in the FRET signal accompanying 
Apo3G scanning trajectories reveals that the entire 72 nt ssDNA region is 
traversed in a random, bidirectional manner (Figure 3.2). Short binding (< 25 s) 
and longer binding (≥ 25s) interactions occur with roughly equal probabilities 
(Table 3.1). Longer binding events have typically been observed during which 
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Apo3G stays bound to the ssDNA ~2 to 10 min prior to dissociating [44] (Figure 
3.5). While moving on average equally in either direction, Apo3G nevertheless 
spends excess time moving in the vicinity of the deamination motifs (Figure 3.2, 
TDP, bright spots ~FRET 0.4). Notably, this quasi-localized motion is most 
pronounced proximal to the 5ʹ′-hot motif and least nearby the 3ʹ′-hot motif. 
Hovering is absent for poly dT lacking a deamination motif (Figure 3.2f, absence 
of a bright spot in the TDP panel).  
While scanning, Apo3G induces motif-dependent creasing of the ssDNA, 
which is greatest with the 5ʹ′-hot motif (Figure 3.8). The sequence-dependent 
creasing may serve to reposition the enzyme and traverse sizable distances in 
sequence space, perhaps via hopping or intersegmental transfer [92-94]. 
However, the catalytic events per se are likely to happen during sliding, because 
we observe clusters of deaminations occurring in adjacent motifs (Figure 3.1b). 
By reversing the Fl-acceptor label from the tethered 5ʹ′-ssDNA end to the free 3ʹ′-
end, we continue to see random, bidirectional, traversal of the entire ssDNA 
substrate (Figure 3.9b,c and 3.10c). These data are further evidence that the 
FRET signal changes cannot be attributed to conformational changes caused by 
creasing of the DNA by an immobile Apo3G. Clearly, Apo3G scans the ssDNA.  
From a biological perspective, Apo3G deamination polarity has been 
suggested as a likely explanation for the presence of localized mutational 
gradients in the HIV-1 genome that appear to have an important functional role in 
viral inactivation [84]. The demonstration that random scanning of ssDNA 
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generates non-random catalysis supports a model in which Apo3G binds in an 
asymmetric catalytically active orientation [85].  
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CHAPTER 4 
4.0        Watching AID Scan Single-Stranded and Transcribed  
     Double-Stranded DNA at Single-Molecule Resolution 
Adapted from: Senavirathne, G., Bertram, J., Jaszczur, M., Pham P., Mac, C., 
Goodman, M.F., and Rueda, D. “Watching AID scan single-stranded and 
transcribed double-stranded DNA at single-molecule resolution” (Manuscript in 
preparation). 
 
4.1 Introduction 
Expressed in B-cells, activation-induced deoxycytidine deaminase (AID) 
plays an essential role in generating antibody diversity [57, 58]. AID deaminates 
C→U in a sequence-dependent manner in trinucleotide motifs [55, 56] during 
transcription of Ig variable regions (IgV) to initiate somatic hypermutation (SHM), 
and acts similarly on transcribed switch regions (IgS) to potentiate strand breaks 
required for class-switch recombination (CSR) [57, 58]. SHM and CSR entail 
tightly regulated complex biochemical interactions that involve the selective 
recruitment of AID to IgV and IgS regions, while denying access to non-Ig 
transcribed genes to avoid introducing spurious genomic mutations [36, 57, 58].  
Here, we visualize the interaction mechanism between AID and DNA in 
real-time at single-molecule resolution. Using total internal reflection fluorescence 
(TIRF) microscopy, we determine the dynamic interactions of AID with DNA in 
two scenarios: AID scanning with minimal constraints on ssDNA, and moving on 
transcribed dsDNA. With ssDNA, our measurements of AID scanning distances, 
velocities and residence times reveal that favored AAC substrate motifs, less 
favored GAC substrate motifs, and deaminated AAU product motifs alter 
scanning dynamics in a motif-dependent manner. With dsDNA, we observe AID 
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tracking on moving and stalled transcription bubbles in proximity to T7 RNA 
polymerase (RNAP), and we compare the scanning dynamics of AID confined in 
a model 8 nt transcription bubble with its unconstrained motion on ssDNA. AID 
scanning displacements and residence times on ssDNA determined here by 
smFRET are compared to recent mathematical model predictions deduced from 
AID-catalyzed deamination patterns determined in bulk solution [95]. 
4.2 Results 
4.2.1 AID scans ssDNA randomly and bidirectionally 
In the experiments with ssDNA, we investigated the scanning behavior of 
Cy5-labeled AID on a surface immobilized, Cy3-labeled poly dT (pdT) containing 
trinucleotide deamination motifs (Figure 4.1, Table 2.2) as a function of 
deamination motif identity (e.g., hot and non-hot sequences, substrate C and 
product U), motif location and ionic strength. We note that Cy5-AID retains the 
same deamination properties as the native purified protein (Figure 4.2). The 
smFRET trajectories (Figure 4.1) show AID binding and scanning motion as 
changes in FRET efficiency, binding as an abrupt increase from zero, 
dissociation as a sharp decrease to zero. Motions towards 5ʹ′- and 3ʹ′-ends are 
observed as increases and decreases in FRET, respectively. Representative 
single-molecule intensity trajectories and corresponding smFRET trajectories for 
scanning of AID on different poly dT substrates are presented in Figure 4.3. 
FRET trajectories for Cy5-AID scanning a pdT substrate with an AAC hot 
motif near the 5ʹ′-tethered end (pdT 5ʹ′ hot, Figure 4.1b) show that >80% of AID 
remain bound to ssDNA for 25 s - 10 min, with an average residence time 273 ± 
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27 s (~4.5 min, Table 4.1). These long binding trajectories display rapid 
oscillations with a FRET efficiency ranging 0.2 - 0.8, indicating that AID scans the 
entire ssDNA, moving in processive slides/hops between the tethered 5ʹ′- (FRET 
~0.8) and free 3ʹ′-end (FRET ~0.2). This remarkably long binding duration is 
illustrated in the single-molecule trajectories presented in Figure 4.4, where AID 
bound to the DNA at least for 10 minutes. A minority population of short binders 
(<15%) is also present with residence times <25 s. 
As individual FRET states cannot be identified, a hidden Markov Model 
(HMM) [96] was used to determine FRET densities corresponding to the location 
of AID relative to the 5ʹ′-end (Chapter 2, Material and Methods). Each FRET state 
corresponds to an ensemble of configurations characterized by the distance 
between the protein and the 5ʹ′-end. The HMM is used to generate a transition 
density plot (TDP) showing the frequency of transitions observed between initial 
and final FRET states (Figure 4.1b, TDP). All initial binding events stem from 
zero FRET on the x-axis, with most occurring near 0.2 FRET, indicating that AID 
binds preferentially away from the tethered 5ʹ′-end. Movement towards the 5ʹ′- 
and 3ʹ′-ends appear as peaks above and below the diagonal, respectively. The 
presence of two symmetric lobes in the TDP (Figure 4.1b, TDP) demonstrates 
that AID scans ssDNA randomly, moving with equal probability in 5ʹ′- and 3ʹ′-
directions (bidirectionally), consistent with the absence of any identifiable energy 
source (e.g., ATP, GTP). Analysis of the dwell times between FRET states 
shows that scanning transitions occur with similar rate constants ~1 s-1 (30 ms 
time resolution, Figure 4.5a, Table 4.2).  
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An estimate of the scanning distance in either direction is obtained using 
the number of transitions in the TDP and Förster’s equation (Chapter 2, Material 
and Methods). The number of transitions initially rises for shorter scanning 
distances and then decays for longer scanning distances, indicating that a 
number of short transitions are underestimated resulting most likely a constraint 
on TDP bin size (~0.1 FRET). We can treat these as “hidden” steps in AID 
ssDNA scanning by fitting the curve to a Gamma distribution [5], which yields the 
characteristic step distance (lc ~3 Å) and the number of hidden steps (N ~4).  
To eliminate data blurring from asynchronous binding, long binding 
trajectories were post-synchronized by alignment at the initial binding event [75]. 
The post-synchronization histogram (PSH) shows an initial FRET increase to 
~0.2 (Figure 4.1b, PSH), consistent with the initial binding observed in the TDP. 
The FRET ratio increases to ~0.4, followed by oscillations between 0.2 and 0.8 
(∆ ~0.6), confirming that AID moves randomly and bidirectionally over the entire 
ssDNA length. Superimposed on the large-scale random displacements that 
span the entire ssDNA, are short ‘quasi-localized’ displacements (D ~0.2), which 
we have referred to as “hovering” [97]. Hovering motions are also random, but 
are much more tightly distributed in the vicinity of a deamination motif. Hovering 
is detected by the presence prominent FRET signals that remain synchronized 
for as long as ~400 s near 0.4 FRET, which is proximal to the location of the 5ʹ′-
hot motif (Figure 4.1b, PSH).  
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Figure 4.1: AID scans ssDNA randomly and bidirectionally with quasi-localization 
nearby deamination targets. (a) Sketch showing single-molecule FRET setup for 
analyzing scanning of AID on ssDNA. ssDNA (92 nt) is annealed to a Cy3-
labeled (D = donor), surface immobilized anchor DNA. Binding and scanning of 
Cy5-labeled (A = acceptor) AID results in FRET changes. (b-f) Representative 
long binding smFRET time trajectories (panel 1), transition density plot (TDP, 
panel 2), scanning length analysis (± standard errors from the fit, panel 3) and 
FRET histograms (post-synchronization histogram (PSH)-right, time averaged 
FRET histogram-left, panel 4) for each ssDNA substrate, as indicated. 
Representative time trajectories show the calculated anti-correlated FRET ratios 
(y-axis, black) with the HMM fit (red). The TDPs were prepared by HMM analysis 
of the long binding FRET transitions summarized in Table 4.1; the intensity bar 
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represents the frequency scale of FRET transitions (blue = low, yellow = high). 
Scanning length analysis displays the distribution of the distances (x-axis) AID 
travels from the initial binding site and the frequency of those transitions relative 
to all transitions. The % intensity (y-axis) gives the relative probability of each 
step, which rises and then decays with distance, which follows a Gamma 
distribution (black line). PSHs are time-binned trajectories synchronized at the 
initial binding event. Intensity bar represents the frequency scale of particular 
FRET states (beige = low, red = high). AID tends to have more frequent 
transitions in the vicinity of hot motifs, indicating that AID scans more often in the 
vicinity of hot motif, referred to in the text as ‘quasi-localized’ scanning. 
Decreasing the ionic condition does not significantly alter the number and 
duration of scanning transitions, amount of high FRET transitions (TDP), the 
average scanning length and the ‘quasi-localized’ motion. 
 
 
 
 
 
 
Figure 4.2: Cy5-labeled AID retains the activity of native AID. Bulk deamination of 
a 5'-fluorescein labeled, 50 nt ssDNA with AGC target motifs by unlabeled and 
Cy5-labeled AID. The deamination of C results in a 23 nt, fluorescein labeled 
fragment. % Deamination values show that both enzymes are equally active, and 
Cy5-labeling does not alter the activity of AID. Deamination assay carried out as 
explained in Ref.[70] in Dr. Myron F. Goodman’s laboratory at University of 
Sothern California. 
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Figure 4.3: Single-Molecule intensity trajectories and corresponding smFRET 
trajectories for scanning of AID on different pdT substrates. Representative 
single-molecule fluorescence time trajectories; donor (blue) and acceptor (red) 
intensities with corresponding calculated smFRET ratios (y-axis, black) with the 
HMM fit (red) as indicated for each substrate. 
 
 
 
Figure 4.4: Single Molecule trajectories for AID bound to pdT 5' hot for almost 10 
min. Representative smFRET time trajectories for pdT 5' hot; (top) donor (blue) 
and acceptor (red) intensities, (bottom) corresponding FRET ratios (y-axis, black) 
with the HMM fit (red) over a given time (x-axis). 
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Table 4.1: Fraction of short and long binders for each AID substrate and average 
bound times for long binders. Average bound times are averaged by number of 
observed binding events (N) and errors were calculated based on N, as Average 
bound time / (N)1/2.  
 
4.2.2 AID scans ssDNA predominantly by sliding 
There are no discernible differences in FRET trajectories, TDP, PSH and 
binding lifetimes when AID scans ssDNA in “high” ionic strength (60 mM Na+, 5 
mM Mg2+, Figure 4.1b) compared to “low” ionic strength (30 mM Na+, no Mg2+, 
Figure 4.1c). Analysis of the dwell times between FRET states at low ionic 
strength shows that the scanning transitions occur with similar rate constants ~1 
s-1 (30 ms time resolution, Figure 4.5b, Table 4.3). The absence of a significant 
scanning dependence on salt for AID is strikingly different from Apo3G, which 
shows a marked reduction in scanning lengths at low salt [97]. To the extent that 
DNA Number of Molecules 
Number of 
Short 
Binders 
Number of 
Long 
Binders 
Average 
bound time 
(s) 
pdT 5' hot 118 17 101 273 ± 27 
pdT 5' hot (Low 
salt) 96 11 85 290 ± 30 
pdT 5' AAU 102 20 82 217 ± 24 
pdT 5' neutral 93 18 75 213 ± 25 
pdT 111 21 90 216 ± 23 
pdT 5' (hot)3  3' 
(neutral)3 
72 18 54 222 ± 30 
pdT 5' (neutral)3  
3' (hot)3 
48 7 41 202 ± 30 
pdT 5' (hot-U)3  
3' (neutral-U)3 
67 13 54 192 ± 24 
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hopping, as distinct from sliding, might be more readily interrupted in the 
presence of salt [20], could suggest that Apo3G favors hopping over sliding, 
whereas AID movements along the ssDNA might tend to favor sliding. 
Predominant sliding movements are consistent with the presence of tightly 
clustered C-deamination patterns observed in bulk solution studies [56], as well 
as the narrowly distributed TDP around the diagonal (Figure 4.1b) relative to 
Apo3G [97].  
 
 
Figure 4.5: AID scanning with 30 ms time resolution. (a) A representative single-
molecule fluorescence time trajectory (panel 1), corresponding calculated FRET 
ratio (y-axis, black) with the HMM fit (red) (panel 2) and calculated Transition 
Density Plot (panel 3) for pdT 5' hot DNA at high salt (n = 63). The resulting rate 
constants for are given in Table 4.2. (b) A representative single molecule 
fluorescence time trajectory (panel 1), corresponding calculated FRET ratio (y-
axis, black) with the HMM fit (red) (panel 2) and calculated Transition Density 
Plot (panel 3) for pdT 5' hot DNA at low salt (n = 51). The resulting rate constants 
are given in Table 4.3. 
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Table 4.2: Kinetic rate constants for transition between FRET states were 
calculated by fitting the FRET peaks in Figure 4.5a, TDP to Gaussians, and the 
(±) errors represent standard deviations calculated from Gaussian widths. 
Numbers in parentheses indicate the percentage of a given transition with 
respect to all the observe transitions calculated based on the heights of the 
Gaussians.  
 
4.2.3 Apo3G hovers on targets in a sequence dependent manner 
Hovering is less pronounced when C is replaced with U. The trajectories 
retain synchrony for a shorter time (~350 s) with mean FRET oscillations closer 
to about 0.35 (pdT 5ʹ′ AAU, Figure 4.1d, PSH). Since AID actively deaminates 
C→U in the assay (Figure 4.2), it seems likely that the ‘quasi-localized’ scanning 
may emanate from a combination of motif recognition for 5ʹ′-WR sites in the hot 
5ʹ′-WRC (AAC) motif and catalysis. Perhaps when AID encounters a “product” 
motif (e.g., AAU) reduced hovering may simply reflect the absence of catalysis. 
  Final FRET 
  0.15 0.22 0.30 0.37 0.45 0.55 0.62 0.70 0.85 0.95 
0.15 - 1±1 (1.2%) 
2±1 
(2%) 
2±1 
(0.2%) 
2±1 
(0.1%) - - - - - 
0.22 2±1 (1.2%) - 
2±1 
(2.5%) 
1±1 
(0.8%) - - - - - - 
0.30 1±1 (1.9%) 
2±1 
(2.7%) - 
2±1 
(6.5%) 
2±1 
(3.1%) 
1±1 
(0.2%) - - - - 
0.37 1±1 (0.3%) 
2±1 
(0.6%) 
2±1 
(6.3%) - 
2±1 
(8.4%) 
2±1 
(1.1%) 
1±1 
(0.1%) - - - 
0.45 - - 3±1 (3.4%) 
2±1 
(8.1%) - 
3±1 
(6.6%) 
3±1 
(2.8%) 
1±1 
(0.2%) 
1±1 
(0.1%) - 
0.55  - - 4±3 (0.3%) 
3±1 
(1.1%) 
3±2 
(6.7%) - 
4±1 
(4.0%) 
2±1 
(1.5%) 
2±1 
(0.5%) - 
0.62 - - - 2±1 (0.2%) 
4±1 
(2.6%) 
4±1 
(4.4%) - 
3±1 
(2.6%) 
2±1 
(2.0%) 
1±1 
(0.1%) 
0.70 - - - - 2±1 (0.2%) 
3±1 
(1.4%) 
4±1 
(2.6%) - 
3±1 
(2.0%) 
2±1 
(0.2%) 
0.85 - - - - - 4±1 (0.4%) 
3±2 
(2.1%) 
4±1 
(1.9%) - 
3±1 
(1.2%) 
In
iti
al
 F
R
ET
 
0.95 - - - - - - 3±1 (0.2%) 
2±1 
(0.3%) 
3±2 
(1.1%) - 
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Table 4.3: Kinetic rate constants for transition between FRET states at low salt, 
calculated by fitting the FRET peaks in Figure 4.5b, TDP to Gaussians, and the 
(±) errors represent standard deviations calculated from Gaussian widths. 
Numbers in parentheses indicate the percentage of a given transition with 
respect to all the observe transitions calculated based on the heights of the 
Gaussians. 
 
In contrast to the subtle product motif effect on hovering distances, quasi-
localized random scanning is reduced to a much greater extent when an AAC hot 
motif is replaced by a neutral GAC motif (Figure 4.1e, PSH). For both motifs AID 
scans the full ssDNA length (Figure 4.1e, TDP), but the neutral motif trajectories 
remain synchronized for only half as long (~250 s, Figure 4.1e, PSH). Hovering 
requires the presence of at least one C since PSH synchrony is only ~175 s 
when AID scans pdT (Figure 4.1f). Despite pronounced changes in scanning 
dynamics for the various constructs, the average residence times remain 
comparable (~4.5 min, Table 4.1), which reflects that AID-ssDNA Kd’s show little 
if any sequence specificity [52]. 
  Final FRET 
  0.17 0.27 0.36 0.45 0.55 0.63 0.68 0.74 0.80 0.87 
0.17 - 2±1 (3.6%) 
1±1 
(0.2%) - - - - - - - 
0.27 2±1 (3.5%) - 
2±1 
(9.1%) 
2±1 
(1.0%) 
1±1 
(0.1%) 
 
- - - - - 
0.36 3±1 (0.3%) 
3±1 
(9.0%) - 
3±1 
(8.5%) 
2±2 
(1.8%) 
1±1 
(0.1%) - - - - 
0.45  - 
3±2 
(1.2%) 
3±1 
(8.6%) - 
2±1 
(7.1%) 
2±1 
(1.0%) 
2±1 
(0.2%) - 
 
- - 
0.55  - 
1±1 
(0.1%) 
3±1 
(1.6%) 
4±1 
(7.1%) - 
2±1 
(4.4%) 
2±1 
(1.7%) 
1±1 
(0.2%) 
2±1 
(0.2%) - 
0.63 - - 1±1 (0.1%) 
3±1 
(1.3%) 
3±2 
(4.1%) - 
3±1 
(2.2%) 
2±1 
(0.8%) 
2±1 
(0.8%) 
1±1 
(0.1%) 
0.68 - - - 2±1 (0.2%) 
2±1 
(1.6%) 
3±1 
(2.3%) - 
2±1 
(1.2%) 
2±1 
(1.5%) 
2±1 
(0.3%) 
0.74 - - - - 2±1 (0.2%) 
4±1 
(0.8%) 
2±1 
(1.2%) - 
1±1 
(1.3%) 
2±1 
(0.4%) 
0.80 - - - - 2±1 (0.3%) 
2±1 
(0.6%) 
3±1 
(1.4%) 
2±1 
(1.3%) - 
2±1 
(2.4%) 
In
iti
al
 F
R
ET
 
0.87 - - - - - 3±1 (0.2%) 
3±2 
(0.5%) 
7±2 
(0.3%) 
2±1 
(2.2%) - 
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Placing multiple copies of hot and neutral motifs on the same ssDNA 
accentuates hovering differences favoring AAC hot over GAC non-hot motifs 
(Figure 4.6a & b). Hovering is far more evident at the higher FRET values (0.3 - 
0.6) for three AAC’s near 5ʹ′-end (Figure 4.6a, PSH). Hovering shifts to lower 
FRET values (0.2 - 0.4) when the three AAC’s are relocated near the 3’-end 
(Figure 4.6b, PSH). As before, hovering is reduced by replacing C with U (Figure 
4.6c, PSH). Motif-dependent quasi-localized scanning at targets on dsDNA was 
recently reported for the P53 tumor suppressor protein [22]. 
 
 
Figure 4.6: AID scanning around concentrated hot deamination targets. (a-c) 
Representative long binding smFRET time trajectories (panel 1), TDP (panel 2), 
Scanning length analysis (± standard error from the fit) and FRET histograms 
(post-synchronization histogram (PSH)-right, time averaged FRET histogram-left) 
for each ssDNA substrate, as indicated.  Experimental set up and color scale 
bars are same as in Figure 4.1, and all the long binding transitions used for the 
analyses are summarized in Table 4.1. Moving the concentrated multiple hot 
spots from 5' end to the 3' end of the ssDNA moves the preference of scanning in 
the same direction as indicated by pronounced high FRET (0.4-0.6) occurrences 
in corresponding TDP and PSH for pdT 5' (hot)3 3' (neutral)3 and pronounced low 
FRET (0.2 - 0.3) occurrences for pdT 3' (neutral)3 (hot)3 DNA. Replacing 
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deamination precursor-motifs with product-motifs greatly reduces the 
concentrated scanning. 
 
 
4.2.4 Resolving AID scanning from ssDNA creasing 
An important question is whether the observed FRET changes are bona 
fide ssDNA scanning or protein-induced creasing of the intervening ssDNA. To 
distinguish these two scenarios, we moved the donor to the free 3ʹ′-end of ssDNA 
(Figure 4.7a). In this configuration constant high FRET is expected if the protein 
binds near the 3ʹ′-end at a fixed location while creasing the intervening DNA. The 
observed trajectories and corresponding TDP (Figure 4.7b & c) clearly show long 
binding events that display oscillations ranging 0.2-0.8 FRET, consistent with AID 
scanning the entire ssDNA. Dynamics of the ssDNA tail are expected to occur in 
<1 ms time scale, ruling out that the observed oscillations correspond to this 
motion type. 
To calibrate the observed FRET values in terms of nucleotide separation 
between the two dyes, we prepared a series of doubly labeled ssDNA constructs 
with dyes separated by 15 to 72 nucleotides (Figure 4.7d). The resulting FRET 
histograms reveal narrow distributions whose average FRET values decrease 
with increasing separation (Figure 4.8). Using Förster’s equation, we calculate 
the average donor-acceptor distance as a function of nucleotide separation 
(Figure 4.7e). The resulting distances increase by 34 ± 2 Å, within the 
persistence length of ssDNA (~30 Å) [98].  
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Figure 4.7: AID binds and scans the entire ssDNA. (a) Single-molecule FRET 
setup for analyzing scanning of AID on ssDNA relative to the free 3ʹ′ end. 3ʹ′-Cy3-
labeled ssDNA (92 nt) is annealed to a surface immobilized anchor DNA. Binding 
and scanning of Cy5-labeled (A = acceptor) AID results in FRET changes. (b) 
Representative smFRET scanning trajectory shows the FRET ratios (y-axis, 
black) with the HMM fit (red) as a function of time (x-axis). (c) The TDP was 
prepared by HMM analysis of the long binding FRET transitions (n = 67); the 
intensity bar relates to the frequency of FRET transitions at specific states (low 
frequency = blue, high frequency = yellow). Scanning trajectories and TDP show 
that AID scans the entire DNA and does not remain bound to the 3ʹ′ end. (d) 
Doubly labeled ssDNA constructs used for the calibration experiments, the 
separation between FRET pair are indicated each for construct. (e) Average 
distances between FRET pairs in Angstroms, calculated from the average FRET 
distributions (Figure 4.8) in the absence and presence of AID, as a function of 
nucleotide separation. The distance distribution in the absence of AID was fitted 
to a straight line (Chapter 2, Material and Methods). 
 
Upon addition of AID the FRET distributions broaden, indicative of AID 
binding and some protein-induced creasing. Broadening becomes more 
pronounced for the constructs labeled near the 3ʹ′-end (dT60,72), as expected. 
However, the resulting average distance for dT15-45 remains essentially 
unchanged (Figure 4.7e), showing that in this region protein-induced creasing  
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only minimally affects our ability to track the protein scanning motions. Since 
FRET signals are observed with the acceptor on AID (Figure 4.1), and the 
corresponding FRET distribution is broader than that obtained with the acceptor 
on the ssDNA (Figure 4.8), then FRET changes observed in Figure 4.1 must 
reflect scanning.  Indeed, comparing the FRET histogram with the acceptor on 
AID (Figure 4.1f panel 4) against the distributions of dT15-60 shows that the AID 
histogram spans a much wider FRET range because the protein scans at least 
60 nt of the DNA length (Figure 4.9). Creasing only becomes significant between 
60 and 72 nt, near the 3'-end of the DNA. AID-induced creasing of long ssDNA 
may help the enzyme traverse sizable distances in primary structure.  
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Figure 4.8: FRET-ssDNA distance calibration. (a-e) Cy3,Cy5 doubly labeled 
ssDNA constructs used for the calibration experiments (panel 1, same as in 
Figure 4.7d), the distance between Cy3 and Cy5 were increased in successions 
as indicated. ~100 smFRET trajectories were combined to compile time 
averaged FRET distributions for each ssDNA construct, in the absence of (panel 
2), and in the presence of (panel 3) unlabeled AID. The resulting average FRET 
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value for each distribution was converted in to a distance using the Förster’s 
equation, and plotted in Figure 4.9e as a function of Cy3-Cy5 separation. 
 
 
 
 
Figure 4.9: Deconvolution of AID-ssDNA scanning and AID-induced ssDNA 
conformational dynamics. FRET distribution for Cy5 labeled AID scanning on 5'-
Cy3 dT72 ssDNA (Cy5-AID, same as in Figure 4.1f panel 4) is overlapped with 
the FRET distributions obtained from calibration experiments for doubly labeled 
ssDNA with (unlabeled) AID (same as in Figure 4.8, panel 3). Amplitude of the 
Cy5-AID histogram is normalized to 1, and amplitudes of the histograms for 
doubly labeled ssDNA are renormalized such that they are ‘enveloped’ by the 
Cy5-AID scanning histogram.  
 
4.2.5 Transcription dependent scanning and deamination by AID 
In B-cells, AID is targeted to transcribed Ig-V and S regions [57, 58]. Since 
AID requires ssDNA for activity [55, 56], AID presumably acts on the non-
transcribed strand of either a moving or stalled transcription bubble. To visualize 
transcription-dependent AID scanning on dsDNA by smFRET, we used Cy5-
labeled AID, unlabeled RNAP and a surface-immobilized 66-base pair dsDNA 
containing a T7 promoter near the tethered end and Cy3 at the free end (Figure 
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4.10a). Transcription initiates near the tethered-end and moves towards the Cy3-
labeled end. Transcription-coupled AID motion is observed as a FRET increase 
with time as AID moves away from the tethered promoter site toward the free 
ssDNA-end.  
AID doesn’t bind to dsDNA in the absence of RNAP, and In the presence 
of RNAP, but without rNTPs, AID binding is observed (Figure 4.10b). The 
majority of events (62%, Figure 4.11a) exhibit stable FRET ~0.2 corresponding to 
the location of the promoter. Thus, AID is able to bind to the transcription 
initiation bubbles for ~40 s prior to dissociation (Figure 4.11a). Transient, non-
specific binding (~190 ms) of Cy5-AID with dsDNA in the presence of RNAP was 
observed infrequently (Figure 4.11a). 
Three types of FRET trajectories are observed when Cy5-AID, RNAP and 
dsDNA are incubated with rNTP substrates: complete transcriptions (CT, Figure 
4.10c), abortive transcriptions (AT, Figure 4.10d & e) and stalled transcriptions 
(ST, Figure 4.10f). Complete transcriptions are observed as sharp FRET 
transitions from 0 to >0.5 lasting for ~300 ms, then returning rapidly to 0 (Figure 
4.10c and Figure 4.11b). An average transition width, τCT ≈ 300 ms (100 ms time 
resolution) corresponds to a rate of movement of AID of ~110 base pairs/s, 
consistent with transcription rates for T7 RNAP in vitro [99]. Complete 
transcription occurs in ~55% (Figure 4.11b) of the FRET trajectories observed in 
the presence of rNTP substrates.  
Abortive transcripts occur in 31% of the trajectories, where AID binds at 
the promoter and remains bound on average ~60 s (Figure 4.10d & e, Figure 
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4.11b). While the AID promoter binders in absence of rNTPs remain essentially 
static (Figure 4.10b), the trajectories in presence of rNTP exhibit transient 
random excursions to higher FRET and return to the promoter location (0.2 
FRET, Figure 4.10d), reminiscent of RNAP scrunching [100].  
Transcriptional stalling is identified by FRET values near 0.4. AID moves 
bidirectionally in stalled bubbles between ~0.3 and 0.5 FRET, remaining bound 
for an average of 4 s (Figure 4.10f, Figure 4.11b). Stalled transcription bubbles 
are observed on 14% of the transcribed dsDNA in the presence of four rNTPs 
(Figure 4.11b). Transcriptional stalling is not uncommon in vivo, therefore, stalled 
transcriptional bubbles could serve as a biologically relevant substrate for AID. In 
vivo, transcriptional stalling has been attributed to secondary structures in 
genomic DNA and trans-acting proteins, each of which could increase the 
chance of deamination by AID [57, 60-62].  
To see if AID and RNAP can simultaneously bind within the confines of a 
transcription bubble, we used Cy3-labeled RNAP and Cy5-labeled AID on the 
surface-immobilized unlabeled dsDNA substrate, in the presence of nucleotides 
(Figure 4.12a). We observe a high degree of colocalization of both proteins. The 
single-molecule trajectories (Figure 4.12b) clearly show the presence of high 
FRET values (0.5 - 1) indicating that the two enzymes are in close proximity. The 
FRET fluctuations reveal relative motion between the two enzymes, possibly 
indicating scanning by AID while RNAP is stalled. We see no indication that AID 
and T7 RNAP interact directly by the absence of a rotational anisotropy change 
	  	  
84	  
of fluorescein labeled T7 in the presence of increasing concentrations of 
unlabeled AID (Figure 4.13).  
 
 
Figure 4.10: Co-transcriptional AID scanning. (a) Single-molecule FRET setup for 
visualizing co-transcriptional AID scanning. A Cy3 labeled dsDNA with a T7 
promoter (near the surface) is immobilized and T7 RNA polymerase was used to 
transcribe the DNA. Cy5 labeled AID was used to bind and scan in the 
transcription bubbles. (b) A representative FRET trajectory showing the binding 
of AID in the promoter region in the absence of rNTPs (c) A representative FRET 
trajectory showing, fast (~300 ms) motion of AID accompanied with 
complete/run-off transcription, zoomed in view (inset) shows the asymmetric 
nature of FRET transition, expected from a directional motion.  
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(d,e) Representative FRET trajectories showing the binding of AID in the 
promoter region possibly to transcription initiation complexes, arrow indicates an 
abortive initiation event (f) Scanning of AID in a stalled transcription bubble. 
These data show that AID can follow different stages of transcription when 
functioning in its natural context.  
 
 
 
Figure 4.11: Statistics for co-transcriptional AID scanning. (a) Statistics of binding 
events for no rNTPs added experiments, PB: Promoter Binders, ST: stalled 
transcriptions, NS: Non-Specific Binders. (b) Statistics of binding events for 
rNTPs added experiments, CT: Complete Transcriptions, AT: Abortive 
Transcriptions, ST: Stalled Transcriptions. Percentages and average bound 
times (numbers in the parentheses) are indicated for each category.  
 
 
 
 
Figure 4.12: Colocalization of RNAP and AID. (a) Cy3-labeled T7 RNAP and 
Cy5-labeled AID was introduced on to the surface immobilized, unlabeled 
dsDNA, so that any interaction between RNAP and AID can be visualized as 
FRET (b) Appearance of the Cy3 signal (blue) indicates the presence of T7 
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RNAP, and appearance of the Cy5 signal (red) as a result of FRET from Cy3, 
indicates the presence of AID nearby (panel 1). FRET ratios calculated from 
intensity trajectories usually ranging from 0.5 to 1 (panel 2), indicating the closed 
proximity between two enzymes. 
 
 
 
 
Figure 4.13: AID does not directly interact with RNAP. Anisotropy of fluorescein 
labeled T7 was measured in the presence of increasing amounts of 
unlabeled AID. The anisotropy of fluorescein labeled RNAP alone is 
around 0.09, and that value does not change with the titration of AID, 
indicating there is no direct contact between two enzymes. 
 
4.2.6 Restricted scanning of AID in static transcription bubbles 
We determined that AID is able to scan while constrained within an 8 nt 
surface immobilized, static transcription bubble using smFRET (Figure 4.14a). 
Because of the limited ssDNA region in the bubble, we observed reduced AID 
binding compared to the 72 nt ssDNA substrates. However, when the enzyme 
binds the bubble, not only does it remain bound for as long as 5 min, but it also 
moves bidirectionally within the 8 nt ssDNA region (Figure 4.14b & c), which is 
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similar to its unconstrained behavior on ssDNA (Figure 4.1). AID’s motion within 
the bubble is localized to a narrow region (0.4-0.6 FRET, Figure 4.14c & d). 
Since AID deamination efficiency is exceedingly low, ~5% in favored WRC motifs 
(REFS), the ability of AID to scan within a confined bubble region for lengthy 
periods (250 s, Figure 4.14d), would allow ample time to catalyze C 
deaminations during infrequent stalling of rapidly moving transcription bubbles. 
AID has been reported to deaminate C effectively in static bubbles [101]. 
 
 
Figure 4.14: Restricted scanning of AID in static transcription bubbles. (a) Single-
molecule FRET setup for detection of AID scanning in a static transcription 
bubble. A Cy3 labeled dsDNA with an 8 nt bubble in the middle was immobilized 
on the surface and Cy5 labeled AID was used to bind/scan in the bubble. (b) A 
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representative smFRET trajectory (black trace) with HMM fitting (red line). (c) 
TDP (d) FRET histograms (post-synchronization histogram (PSH)-left, time 
averaged FRET histogram-right). The data (n= 20) show a restricted scanning of 
AID in the transcription bubble, as bright spots in the TDP around ~0.4 - 0.5 
FRET region, more pronounced synchronized signal in PSH and narrow FRET 
distribution around the same ~0.4 - 0.5 region. 
 
 
4.3 Discussion 
The activation-induced deoxycytidine deaminase (AID) contains single 
deamination domain and catalyzes C to U deaminations on ssDNA trinucleotide 
motifs in transcription bubbles of Ig genes. In contrast to Apo3G, which has 
asymmetric double domain structure, AID catalyze deaminations with no 
directional preference on linear ssDNA substrates [36]. Consentient with this 
model, in contrast to Apo3G, analysis of individual binding events for AID on 
ssDNA (Table 4.1) show less heterogeneous binding, and further the quasi-
localized scanning of long binders does not depend on the position (5' vs. 3') of 
the deamination motif (Compare Figure 3.2 and Figure 4.6) [97].  
Upon encountering with a ssDNA substrate, AID can processively traverse 
the entire length of >70 nt randomly and bidirectionally, while remain bound for a 
long time (~4.5 min, Figure 4.4 and Table 4.1). Based on the characteristic step 
distance (lc ~3 Å) and the number of hidden steps (N ~4) (Figure 4.1b), we can 
calculate the average scanning distance to be ~12 Å. Using 0.6 Å/nt distance 
calibration for ssDNA (Figure 4.7e, and Equation 2.9) average scanning length 
can be estimated as ~20 nt (~6-7 trinucleotide motifs). The residence time > 4 
min, and the average scanning distance of 6.2 motifs, reported in a recent 
mathematical model predictions deduced from AID-catalyzed deamination 
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patterns determined in bulk solution [95] are in very close agreement to the 
values calculated from smFRET data presented in this work.  
We have established previously for Apo3G scanning, that enzymes tend 
to hover in the vicinity of deamination motifs [97]. This could be indicating that 
scanning enzymes slowing down in the vicinity of the target, possibly due to 
specific interactions between DNA bases and the enzyme near the target, as 
opposed to the non-specific contacts in the other regions of the DNA [22]. 
Therefore defamation motifs with different reactivities can give rise to different 
amount of hovering as shown for Apo3G (Figure 3.2) and for AID (Figures 4.1 & 
4.6). It would be interesting to characterize the scanning of other APOBEC family 
enzymes to establish the generality of ‘quasi-localized’ scanning, and co-crystal 
structures of an APOBEC enzyme bound to specific (bound on the target) and 
non-specific DNA are required to explain this behavior at the molecular level.  
The lack of a salt dependence in ssDNA scanning parameters for AID 
(Compare Figure 4.1b & c), supports the idea that AID scans ssDNA 
predominantly by sliding [56]. Whereas Apo3G scans ssDNA by sliding and 
hopping/jumping, and hence Apo3G slows down greatly by the ‘low’ ionic 
strength condition possibly by removing the faster hopping/jumping steps by 
increasing the electrostatic interaction between DNA backbone and the enzyme 
[15, 97]. It is possible that AID has evolved to have more sliding characteristics 
so that it can processively track transcription machinery once bound to a 
transcription bubble [56], on the other hand Apo3G has evolved to have both 
sliding and jumping characteristics so that sliding helps to track the viral copy 
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DNA, while doing the catalysis, whereas jumping helps to bypass duplex regions 
consist of cDNA and viral RNA pieces [49].  
Use of relatively short (72 nt) ssDNA substrates in this study helps not 
only to restrict the enzyme scanning to FRET sensitive distances (25-100 Å), but 
also to discriminate ssDNA scanning of enzymes from enzyme-induced ssDNA 
conformational dynamics as shown from FRET-ssDNA distance calibration 
experiments (Figures 4.7 - 4.9), because the scanning distances are within the 
persistence length of ssDNA (~30 Å) [98], and therefore the DNA is stiffer for 
shorter distances (Figures 4.7 - 4.9). 
As shown from smFRET co-transcriptional scanning experiments, 
although AID moves along with RNA polymerase directionally and processively 
with speeds upwards of ~110 base pairs/s, occasional transcription stalling leads 
to bidirectional scanning in the transcription bubbles (Figure 4.10 & 4.14), which 
in turn, provides AID the necessary time window to carry out deaminations. Since 
there is no direct interaction between T7 RNAP and AID (Figure 4.13), AID must 
be passively binding to the transcription bubbles in our experimental setup. 
However, it is not clear from these experiments, that how AID is selectively 
recruited to transcriptions of Ig genes, and how transcription stalling takes place 
around the deamination motifs within IgV and IgS regions. It would be interesting 
to implement these smFRET experiments to visualize AID activity in the 
presence of a complex transcription machinery, e.g. E. coli transcription or 
eukaryotic transcription to understand, the processes involved transcription 
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coupled AID activity, and other factors that may be involved, such as 
transcription factors, in more details. 
4.4 Acknowledgments 
All the bulk biochemical experimental data were collected in Dr. Myron F. 
Goodman’s laboratory at University of Sothern California. This work was 
supported, in whole or in part, by National Institutes of Health Grants GM085116 
(to Dr. David Rueda) and ES13192 and GM21422 (to Myron F. Goodman), as 
well as National Science Foundation Grant MCB-0747285 (to Dr. David Rueda). 
	  	  
92	  
CHAPTER 5 
5.0                   Conclusions and Future Directions 
In this work we have developed smFRET methodologies to study motif 
targeting mechanisms of two of the most characterized APOBEC enzymes, 
Apo3G and AID. The experiments presented in this work are novel, innovative 
and greatly improve the understanding of scanning mechanisms of ssDNA 
enzymes, establishing a general experimental framework that can be further 
implemented to study other biologically relevant and complex systems to uncover 
more mechanistic details of ssDNA specific enzymes.  
Single-molecule trajectories for Apo3G binding to ssDNA exhibit short 
binders (<25 s) and long binders (25 s – 10 min) to an equal extent. This result is 
consistent with previous ensemble measurements as well as with the 
asymmetric, double-domain structure of Apo3G. During long binding events, 
Apo3G scans an entire 72 nt ssDNA region processively, randomly and bi-
directionally, with an average scanning distance of ~1 nm and 1 s-1 scanning 
rates. Scanning tends to remain ‘quasi-localized’ near its substrate, most 
prominently at the 5' end of a linear ssDNA, which explains the surprising 
catalytic deamination polarity exhibited by Apo3G. Motif-dependent ssDNA 
creasing enables the enzyme to traverse sizable distances in the DNA sequence 
space. Apo3G mobility and ssDNA creasing is reduced upon lowering the ionic 
strength, indicating the enzyme is hopping on DNA. Using a Pfu DNA 
polymerase-binding assay, C→U product formation was measured on individual 
substrate molecules. This technique demonstrated asymmetric catalysis by 
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Apo3G, favoring 5'-deamination motifs, and further confirmed the established 
sequence dependence for deamination. This was the first study to use single-
molecule FRET to detect a scanning-dependent, enzyme-catalyzed reaction on 
ssDNA. Although the scanning is random, Apo3G shows a directional catalysis, 
indicating that it binds in a catalytically active, asymmetric orientation. Altogether, 
these single-molecule data for Apo3G provide an important contribution to 
understanding the mechanism of Apo3G, as well as understanding the initial 
processes required for destroying retroelements through excessive mutations. 
Comparison of mechanisms between Apo3G and AID allows us to 
understand common features as well as differences in their motif targeting. 
Although there is significant amount of sequence homology, these two enzymes 
are different in terms of their sizes (46 kDa double-domain structure for Apo3G 
vs. 23 kDa single-domain for AID [32, 54]), net charge (+6.5 for Apo3G and +11 
for AID predicted for at the physiological pH [46, 82, 83]), substrates specificities 
(~6-9 nt deamination motifs in viral cDNA for Apo3G vs. 3 nt deamination motifs 
in transcription bubbles for AID [32, 54]), and most importantly, their biological 
functions (inactivation of retroviruses in T cells for Apo3G vs. generation of 
antibody diversity in B cells for AID [32, 54]). Indeed, as discussed below, we 
were able to show in this study that, even if Apo3G and AID share some common 
characteristics in ssDNA scanning, the specific mechanisms for them are 
diverged. 
In contrast to Apo3G, binding events for AID are homogenously 
distributed, with predominantly long binders. AID also scans ssDNA processively, 
	  	  
94	  
randomly and bi-directionally, principally by sliding (not hopping, contrary to 
Apo3G) on the entire 72 nt ssDNA region and exhibits a distinct scanning 
behavior compared to that of Apo3G in terms of scanning distance distribution. 
‘Quasi-localized’ scanning of AID depends only on the deamination-motif identity, 
but not its position (contrary to Apo3G), which agrees well with its non-directional 
catalytic behavior and single domain structure. AID creases ssDNA in a motif-
dependent manner similar to Apo3G, but in contrast to Apo3G, lower ionic 
conditions do not alter the behavior of AID, confirming sliding instead of hopping.  
We further increased the complexity of our experimental system by 
developing smFRET assays to directly monitor AID scanning in its physiological 
context; within an RNA polymerase-induced moving transcription bubble. In 
contrast to the random ssDNA scanning, driven by the thermal fluctuations, 
observed in absence of the polymerase, the data reveal a directional, highly 
processive and rapid motion (rates >110 bp.s-1) of AID in the wake transcription, 
and occasional random scanning is observed in stalled transcription bubbles. In 
addition, we have also characterized restricted AID scanning in small (8 nt) static 
bubbles that mimic stalled transcription. Altogether, these single-molecule data 
for AID provide an important contribution to understanding the mechanism of 
AID, as well as understanding the initial processes required for mutational 
diversity of immunoglobulin genes.  
In all these experiments we have used short (72 nt) ssDNA constructs due 
to possible random coil structures formation in longer ssDNA and limitation of the 
FRET sensitivity for longer distances (upper limit of ~100 Å). However, in the 
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future, combining smFRET and other fluorescence techniques with a magnetic or 
optical tweezers setup it will be possible to use longer DNA constructs (up to 
several kilo bases long), because this system will allow manipulating the contour 
lengths by DNA-stretching using the tweezer, and track the protein dynamics by 
other means such as fluctuation of fluorescence signal [3, 102]. This combine 
FRET-tweezer setup clearly will allow the discrimination of enzyme scanning 
from enzyme-induced ssDNA creasing, as creasing can be prevented by 
applying a force on the DNA. Different ssDNA sequences can be used instead of 
homopolymeric (poly dT, poly dA) DNA and study the effect of secondary 
structures on ssDNA scanning, as change in applied force allow melting and 
reforming of secondary structures. All these approaches will be useful to look at 
the ssDNA scanning process in a more biologically relevant context. 
For the co-transcription AID scanning we have also used a short (66 nt) 
dsDNA construct, which gives very transient FRET signals during complete 
transcription events. However, using a nanoscale optical encoder in combination 
with a tweezer setup to stretch the DNA, as proposed by Lipman at al [103], it is 
possible to use dsDNA with sizes comparable to immunoglobulin genes or parts 
of the immunoglobulin genes. Perhaps the actual gene sequences can be used 
to look at AID scanning in the presence of transcription. It will also be interesting 
to use more complicated transcription machinery, for example E. coli 
transcription instead of simple T7 RNA polymerase, with this optical encoder 
system to look at the process from an even more biologically relevant 
perspective. 
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It is also easy to extend the experiments used in these two studies to 
study clinically relevant mutations of Apo3G and AID as well as other APOBEC 
enzymes to get more data towards establishing a general mechanism used by 
ssDNA scanning enzymes and to understand how mutations could alter the motif 
targeting. Furthermore, some studies suggest that AID and other APOBEC 
enzymes could be associated with epigenetic modification of genomic DNA 
through deamination of methylcytidines and modified methylcytidines [104, 105]. 
We can use the ssDNA scanning and deamination systems developed here to 
observe, at the single-molecule level, and in real time, how scanning and 
catalysis vary with methyl cytidines and other modified cytidines. 
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ABSTRACT 
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APOBEC3G (Apo3G) and Activation-Induced cytidine Deaminase (AID) 
are the most notable members of APOBEC enzymes, a family of cytidine (C) 
deaminases with crucial functions in the immune system. In T cells, Apo3G 
deaminates C in viral cDNA to halt the replication of HIV 1 strains lacking viral 
infectivity factor (vif). In B cells, AID is required for the diversification of 
antibodies through initiation of somatic hypermutation (SHM), and class switch 
recombination (CSR), by the C deaminations in immunoglobulin genes. Activity 
of these enzymes requires scanning of single-stranded (ss) DNA substrates to 
locate deamination motifs and stochastically deaminate them to create 
mutational diversity.  
Here we use single-molecule Förster resonance energy transfer 
(smFRET) to study ssDNA scanning and deamination by Apo3G and AID. 
Consistent with previous ensemble measurements, single-molecule trajectories 
exhibit short binders (<25 s) and long binders (25 s – 10 min), which are 
heterogeneously distributed for Apo3G and homogenously distributed for AID. 
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Long binding trajectories reveal processive scanning of >70 nt ssDNA by both 
enzymes randomly, and bidirectionally with similar (~1 s-1) scanning rates. Both 
enzymes scan and crease ssDNA in deamination motif-dependent manner, 
where longer ‘dwelling’ in scanning is observed around favorable deamination 
motifs located near 5' end of the DNA for Apo3G and without positional 
preference for AID. The positional presence of Apo3G ‘dwelling’ may explain the 
asymmetric catalysis observed in ensemble experiments, on linear ssDNA, which 
is also confirmed by our smFRET deamination measurements based on the 
binding of Pfu polymerase to uracils formed upon C deamination by Apo3G. 
Scanning of Apo3G may consist of sliding and hopping/jumping as shown by its 
large salt dependency, whereas AID primarily uses sliding to scan the ssDNA, 
and is not sensitive to the changes in salt concentration.  
We developed an smFRET assay to visualize AID scanning, coupled to 
DNA transcription. Our data show that AID can follow an active RNA polymerase 
directionally and processively with speeds >100 bp•s-1. However, transcription 
stalling leads to bidirectional scanning in the transcription bubble, which in turn, 
provides AID the necessary time window to carryout deaminations. 
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